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Trends in angle-resolved molecular
photoelectron spectroscopy

Danielle Dowek*a and Piero Decleva *b

The field of angle-resolved molecular photoelectron spectroscopy is reviewed, with emphasis on

foundations and most recent applications in different regimes of light–matter interaction. The basic

formalism underlying one-photon electron angular distributions is presented, from the primary

molecular frame (MF) photoemission i.e. emission from fully oriented molecules to laboratory frame (LF)

observables produced from randomly oriented targets, extensions to multiphoton and strong field

processes being briefly described, followed by a survey of current quantum mechanical computational

approaches. The description of experimental developments is focused on the advancements in two

major instrumentation fields for angle-resolved PES of molecules in the last two decades, namely

charged-particle imaging spectrometers and adiabatically or impulsively laser-induced molecular

alignment, together with their interplay with the remarkable characteristics achieved nowadays by the

ionizing light sources and the challenging control of complex molecules in the gas phase. Aspects and

applications of LF angular observables from unoriented targets are presented, with contemporary

applications, especially as probes of the target electronic structure, including higher angular observables,

in particular photoelectron circular dichroism (PECD) from chiral molecules, which is confirmed as a

powerful chiral technique, and higher terms arising from multiphoton or non-dipole terms. Molecular

frame photoelectron angular distributions (MFPADs), which stand out as the most complete observables

of molecular photoionization stereodynamics in different excitation regimes, now broadly extended to

characterize molecular structure and dynamics, are then discussed stemming from fully oriented

molecules tackled by electron–ion momentum coincidence techniques, or from laser aligned samples.

Finally, novel developments and challenging perspectives, notably the implementation of PAD in time-

resolved schemes at ultrashort time scales, high energy, and high intensity regimes are drawn.

Introduction

Over a century has passed since the discovery of the photoelectron
effect by Hertz and Lenard, and the explanation by Einstein in
terms of photons, alternating periods of slow developments
and quantum leaps. These were basically determined by the
emergence of new light sources and new spectrometers and
detectors. The modern era of photoelectron spectroscopy was
ushered by Siegbahn and Turner, with the introduction of bright
fixed wavelength sources in the X-ray and VUV regions, and high
resolution electron spectrometers. A second step was the devel-
opments of dedicated synchrotrons, and widespread use of coin-
cidence detection. The current one is marked by the advent of
powerful lasers, and free electron lasers (FEL), and further
improvement of detectors able to collect the full 4p emission.

This has allowed probing the photoionization process in amazing
detail, in the three directions of photon energy, field intensity and
time resolution. This perspective will be focused on angularly
resolved molecular photoionization studies, that is photoelectron
angular distributions (PADs), and especially studies with fixed in
space molecules molecular frame PADs (MFPADs), in the one
photon, multiphoton and strong field regimes, but we only briefly
touch the time domain aspects, which are addressed in a compa-
nion paper.1 The lack of spherical symmetry of the molecular
potential generates a large number of partial waves in the con-
tinuum, whose interference is reflected in the MFPADS, but gets
averaged for random orientation. There are several motivations
for the continuing intense study of these processes. The basic
one is the detailed understanding of light–matter interaction at
energies above ionization. It is worth recalling that the largest part
of the total oscillator strength for electronic excitation generally
lies in the continuum. While the basic theory of molecular PADS
was fully developed,2 and later expanded to cover nondipole
effects at higher energies, the description of the interaction with
molecular electronic structure, especially the continuum, and the
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nuclear degrees of freedom is a big challenge which is still
advancing. Correlation and relativistic effects, multichannel scat-
tering and resonances, vibrational excitation and dissociation,
and the coupling of electronic and nuclear motions are all topics
of current research, for which photoionization has been the most
powerful probe. At the most basic level quantum interference and
entanglement are still generating surprising effects. As an instru-
ment for studying properties of molecular targets, photoioniza-
tion continues to give ever finer details of the structure and the
dynamics, thanks to the availability of ultrafast pulses in time
resolved studies, for which photoionization is one of the most
effective probes. Coincidence detection of fragment ions adds a
further dimension. Also the range of targets is expanding, from
prototypical small molecules to large systems of chemical or
biological interests, clusters, and nanoparticles, thanks to the
development of powerful methods to bring intact molecules in the
gas phase, now extending to adsorbates and liquids.

The combination of selection of orbital ionization, photon
energy dependence and angular information, already for randomly
oriented molecules up to the MFPADS, offers an enormous amount
of information which is becoming available even for complex
targets, relying on many current developments extending the
technique of molecular alignment and orientation via laser pulses
and external fields.

This perspective will start with a review of the formalism of
PADS, and of the theoretical tools for their simulation by
electronic structure calculations. Some current experimental
methods will be then described. Present capabilities will be
illustrated through a discussion of selected latest studies, first
relative to PADS from randomly oriented molecules and the
information that can be gained, focusing in particular on chiral
systems and high energy experiments, and then from full
MFPADS or molecular alignment. Finally a glimpse of near
future developments will be given.

Formalism

The formulation of angular distribution in all generality is
relatively involved, so we shall follow the simplest path and
indicate generalizations. It was first derived by Dill2 and further
considered by many authors.3–8 One needs to define a mole-
cular frame (MF) fixed with the molecule, with axis (X,Y,Z)
(in general unprimed quantities), and a laboratory frame (LF)
(X0,Y0,Z0) (primed quantities).

Light propagation and polarization are defined in LF,
molecular quantities in MF. The Euler angles O � a, b, z define
the rotation MF - LF, and the photoelectron momentum is
k with emission angles y,j in MF as shown in Fig. 1, with
corresponding y0, j0 in LF. In the simple case of linear (LP) or
circular (CP) polarization, the field is defined by a single vector
(electric polarization with LP, propagation direction for CP)
generally chosen as Z0 axis in LF, and therefore on (b, a) as polar
and azimuthal angles in MF. For a general polarization,
expressed via Stokes parameters or other parametrization, or
nondipole terms, the full O is required.

Let us consider single photon ionization in the dipole
approximation. It is a transition from an initial bound state CI

to a final state characterized asymptotically by an ion in state CF

(with N� 1 electrons) and a continuum electron with momentum
k, described by a full wavefunction C(�)

Fk with appropriate incom-
ing wave boundary conditions. Atomic units (a.u.) will be used.

In MF the differential cross section is given by

dsFIðoÞ
dkdO

¼ 4p2ao Cð�ÞFk jÊ � djCI

D E��� ���2 (1)

here o is the photon energy, a the fine structure constant, Ê the
electric field and d the dipole operator. In the following we shall
drop the FI labels relative to the initial and final states. Now
one can expand the electron momentum k wavefunction in
partial waves as

Cð�Þk ¼
X
lm

i�leislY�lm y;jð ÞCð�ÞElm (2)

where E is the photoelectron energy and Ylm are spherical
harmonics. It is convenient to express the dipole in spherical
components in LF

Ê � d ¼ Êdm dm ¼
ffiffiffiffiffiffi
4p
3

r
rY1m

with m = +1, �1 for left and right CP (LCP, RCP), and m = 0 for
linear polarization. A proper linear combination,8 or a photon
density matrix7 describes the most general polarization.

The dipole is rotated in MF, with a rotation matrix D1
gm

dLF
1m ¼

X
g

dMF
1g D1

gmðOÞ (3)

So, defining the partial wave resolved dipole matrix elements

d
ð�Þ
Elmg ¼ Cð�ÞElmjd1gjCI

D E
(4)

d
ð�Þ
km ¼ Cð�Þk jd1mjCI

D E
¼
X
lmg

ile�islYlm y;jð Þdð�ÞElmgD
1
gmðOÞ (5)

In scattering processes, the so-called Wigner time delay is the
delay (or advance) that a wavepacket acquires with respect to a

Fig. 1 Schematic of the Euler angles (a,b,z) defining the rotation of the
molecular frame (X,Y,Z) into the laboratory frame (X0,Y0,Z0), where the Z0

axis lies along the light quantization axis n(hn), linear polarization E or
propagation axis of elliptically polarized light, and the polar and azimuthal
angles (y,j) defining the orientation of the photoelectron momentum k in
the MF.
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reference (often free evolution) process.9 In photoionization if
one defines the argument Z(E,y,j,O) of the complex dipole d

(�)
km ,

the one-photon time delay is expressed by its energy derivative

t E; y;j;Oð Þ ¼ dZ
dE

(6)

which in the molecular case depends on the emission angles,
molecular orientation and photoelectron energy.10–14

From here, introducing in (1), one arrives at an expression for
the differential cross section in MF as a series of angular terms

dsFIðoÞ
dkdO

¼ 4p2ao
X
LM

ALMYLMðy;jÞ (7)

where the coefficients ALM depend on the orientation and
polarization of the radiation field, as well as on the states I, F
and on o. For LP or CP ALM will depend on (b,a) as polar angles,
but on full O for general polarization. They can be developed in a
series of angular basis functions, for instance if light is defined
by (b,a) a series of spherical harmonics

ALM b; að Þ ¼
X
JN

ALMJNYJNðb; aÞ (8)

with J = 0, 1, 2 limited by photon angular momentum. Both in
eqn (7) and (8) real spherical harmonics can be used, as the cross
section has to be real.

The coefficients can be analyzed in detail for specific cases,
in particular LP and CP cases, linear molecules, core 1s ioniza-
tions, other point group symmetries,3 which simplify the full
expression, and in particular reduce the number of indepen-
dent symmetry adapted dipole transition matrix elements.
Direct formulas for circular (CDAD) or linear (LDAD) dichroism
in photoelectron angular distributions, i.e. difference in differ-
ential emission probabilities relative to left and right CP or to
two perpendicular LP light have been derived.6,7 The functions
may be directly determined by four independent polarization
experiments, and allow to reduce the full MFPAD information,
as the cross section dependence on the other angles is
expressed through low order trigonometric functions.

An alternative general expression of the MFPAD I(y,j,O) was
proposed15,16 which emphasizes its dependence in terms of
low-order trigonometric functions of the electron emission
azimuthal angle j on the one hand, and O on the other hand.
In the case of single photon ionization of a linear molecule
induced by circularly polarized light (CPL), it takes the remark-
ably simple form

I� y;j; bð Þ ¼ F00 yð Þ � 1=2F20ðyÞP0
2ðcos bÞ

� 1=2F22 yð ÞP2
2ðcos bÞ cos 2j

� 1=2F21 yð ÞP1
2ðcos bÞ cosj� F11 yð ÞP1

1ðcos bÞ sinj
(9)

Here j = 0 corresponds to the plane defined by the molecular
and light propagation axes, � refers to light helicity and PN

L are
the associated Legendre polynomials. The five one-dimensional
FLN functions encapsulate all the dynamical information about

the PI process and are expanded as:

FLNðyÞ ¼
XL0max

L0
CL0LNP

N
L0 ðcos yÞ (10)

where the CL0LN are expressed in terms of the dipole matrix
elements15 and L0 runs from 0 up to twice the maximum orbital
angular momentum carried away by the photoelectron. It is
noteworthy that except for the F11 function which is specific to
circularly (or elliptically17) polarized light, the four other FLN

functions are identical to those obtained from an experiment
with linearly polarized light.15 Therefore a single measurement
using circularly polarized light provides the complete accessi-
ble information. CDAD (or LDAD) is expressed simply in terms
of the FLNs.17 The expansion of the MFPAD in eqn (9) is
particularly relevant when studying dissociative photoioniza-
tion of an assembly of randomly oriented molecules with a 4p
angle collection of photoelectrons and photoions, and it sub-
tends the extraction of FLN(y) functions by performing a (b,j)
Legendre–Fourier analysis of the I(y,j,O) measured angular
distribution,15,16,18 also extended to electron frame EFPADs.19

It is worth noting that the complete set of emission directions
and molecular orientations thereby contributes to the FLN(y)
determination, obtained with an optimal statistical quality.
Eqn (9) (or the related one for linear polarization) then enables
to reconstruct specific MFPADs for any polarization geometry at
a similar statistical level. This methodology has been applied
for several photoionization schemes, involving linear or non-
linear molecules of different symmetry, MFPADs and recoil
frame RFPADs, one-photon or multi-photon ionization.8,20

Here we stress that the coefficients ALM in eqn (7), or CL0LN

in eqn (10), depend on the dipole matrix elements through the

products d
ð�Þ
Elmgd

�ð Þ�
El0m0g0 . So d

ð�Þ
Elmg defined in MF are the basic

quantities that connect the wavefunctions to the angular dis-
tribution and theoretical calculations to experimental results.

From the computed d
ð�Þ
Elmg one can derive a theoretical MFPAD,

and compare to the experiment, or from the experiment one can
derive ALM or equivalent parametrizations, and with sufficient
data reconstruct complex dipole matrix elements, up to a so-
called complete experiment.17,21–24 In principle the (lm) expan-
sion goes to infinity, in practice it converges fast at low kinetic
energies. The quadratic nature of the correspondence may give
spurious solutions, but generally physical arguments, or even a
comparison with theoretical values provides a unique answer. It
is also important to remark that the dependence of the ALM on
the molecular orientation is linear in a rotation matrix DK

gm(O),
with K = 0, 1, 2 limited by the recoupling of two angular
momenta of the photon spin. The so-called polarization aver-
aged (PA) MFPAD,25 corresponding to averaging the MFPAD over
all orientations of the radiation, is simply obtained integrating
over O, which lets surviving the single term relative to D0

00 = 1.
If complete orientation is not achieved, averages over the

distribution of molecular axes have to be performed. A typical
situation occurs in two-body dissociation of polyatomic mole-
cules, giving a so called (recoil frame) RFPAD. Then an average

PCCP Perspective

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/9
/2

02
6 

3:
40

:1
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cp02725a


This journal is © the Owner Societies 2022 Phys. Chem. Chem. Phys., 2022, 24, 24614–24654 |  24617

of the MFPAD around the recoil axis has to be performed.26 If
the axis coincides with the MF Z axis, this requires just an
integration over (a,z). The RF axis is often assumed to coincide
with a molecular bond which breaks, but fast nuclear relaxation
may change the direction of recoil. In any case the cylindrical
symmetry gives a RFPAD of the same structure as that for a
linear molecule.

In general it will be necessary to rotate the MFPAD result to a
new reference system before the average, giving

YLM y;jð Þ ¼
X
M0

YLM0 y
0;j0ð ÞDL

M0MðO�1Þ (11)

and arrive at

dsFIðoÞ
dk0dO

¼ 4p2ao
X
LM

A
0
LMYLMðy0;j0Þ (12)

Again the coefficients A
0
LM depend linearly on a rotation matrix

DK
PQ. The same logic applies to rotation back of MF to LF.

Averages over molecular orientations are now possible.27 In
general the molecular orientation in the sample can be described
by a distribution function P(O), which we assume normalizedÐ
P Oð ÞdO ¼ 1, that can be expressed as a series of rotation

matrices, with expansion coefficients (multipole moments)

P Oð Þ ¼
X
QRS

CQRSD
Q
RSðOÞ (13)

and it is then easy to derive average coefficients

ÂLM ¼
ð
A
0
LM Oð ÞP Oð ÞdO (14)

Common cases are that P(O) depends only on (a,b), then P(O) is
expressed as a series of spherical harmonics, or a pure cylindrical
distribution of Z around Z0 (free molecular rotation around Z)
with P bð Þ ¼

P
L

CLPLðcosbÞ. In the latter case also the LFPAD will

be a function of the single y0 angle (from now on we shall omit the
primes for LF angles, understood from the context)

ds
dy
¼
X
L

ÂLPL cos yð Þ ¼ s
4p

1þ
X
L

bLPL cos yð Þ
" #

(15)

that defines the angular asymmetry parameters commonly
denoted by bn.

Often the distribution P(O) is generated by a laser pulse.28,29

For instance, in the most common pump–probe experiment a
random molecular sample is excited with a pump pulse to an
excited state, whose dynamic will be further followed. In this
case the pump generates a molecular alignment with a simple
distribution cos2 w where w is the angle between the LF polar-
ization axis of the pump and the molecular axis defined by
the dipole transition moment of the excitation. Alignment or
even orientation with laser pulses has become increasingly
effective.30 In particular the creation of rotational wavepackets
by tailored pulses generates a time dependent distribution
P(t,O) and related CQRS(t) coefficients which induces a time
dependent PAD with ÂLM(t) coefficients.31 The distribution can
be computed by solving the time dependent Schrödinger

equation (TDSE) for a rigid rotor in an appropriate resonant
pulse, or can be experimentally characterized, e.g. via Coulomb
explosion. As the ÂLM(t) depend linearly on the products

d
ð�Þ
Elmgd

�ð Þ�
El0m0g0 that gives a large set of data which in principle

allow the determination of the dipole matrix elements, with the
limitations mentioned.

Finally in the case of completely random orientation the
integration over O produces the well known result

ds
dy
¼ s

4p
½1þ b2P2ðcos yÞ�

or

ds
dy
¼ s

4p
1þ b1 cos y�

1

2
b2P2 cos yð Þ

� �
(16)

for LP or CP left respectively, with b1 non zero only for chiral
samples.

Generally MFPADS and related averages are sensitive to the
nature of the ionized orbital, that is both to its composition
in terms of atomic orbitals and to the geometrical structure of
the molecule, which makes difficult to disentangle the two
contributions. A particularly simple case is for core ionization,
where the initial orbital reduces essentially to a single atomic
orbital localized on the relevant center (or equivalent centers if
more than one chemically equivalent atoms are present).
Especially at relatively high kinetic energies (some hundreds
of eV) also the final wavefunction becomes simpler, and can be
approximated by a single scattering by the neighboring atoms
in a multiple scattering approach (vide infra). This photo-
electron diffraction limit enhances the geometrical content of
the PADs and is better suited for geometry determination. Also
the use of PA MFPADs has been claimed to enhance geometry
determination, as the typically large forward peaks towards
neighboring atoms are averaged out, maximizing contrast of
the interference fringes. Ideally one would like to invert the
photoelectron patterns to get real space images.32,33 At very
high energies Fourier transforms could be used, and proposals
for improvement have been put forward.34 As a matter of fact,
these are hardly quantitative, and best results are obtained by
trial and error fitting to full wavefunction calculated MFPADS.

When more complex mechanisms are responsible for the
ionization, most of the discussion remains unaltered, with the
substitution of an appropriate operator in place of the dipole
interaction. For the higher multipoles of the radiation they can
be just added to E�d, in particular the magnetic moment (M1)
and electric quadrupole (E2). For randomly oriented molecules
the corresponding first order PAD (with LP) has been derived,35

involving two additional parameters, usually denoted as g and d,

ds
dydj

¼ s
4p

1þ b2P2 cos yð Þ þ dþ g cos2 yð Þ
� �

sin y cosj
� 	

(17)

with related expressions for MFPADs.36

In the case of very high energies it is probably easier to work
directly with the full plane wave form of the photon field and
compute the transition matrix and the cross section as a
function of the kg vector of the radiation. The PAD can be
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always expressed as a series of spherical harmonics, but the
coefficients have to be evaluated separately for each orientation
of kg.

The case of multiphoton ionization (MPI) has recently
attracted great interest. While a nonresonant ionization can
be treated via lowest order perturbation theory (LOPT), much
used in the atomic case, the most common situation is reso-
nant, especially REMPI(n + 1), also because of the high density
of states in molecules. The simplest treatment assumes a
sequential ionization step from the previously reached excited
state, and the PAD can be then described considering the
molecular alignment of the excited state, like in the (1 + 1)
pump–probe scheme already considered. In any case, for
randomly oriented initial system, the PAD will be a series28,29

ds
dy
¼ s

4p
1þ

X2n
i¼1

biPi cos yð Þ
" #

(18)

where n is the total number of absorbed photons, and odd
coefficients appear only for chiral molecules.

A powerful technique, that can deal also with arbitrary
complex pulses, which are at the forefront of current research,
is the numerical solution of the TDSE for the pulse.37–40 At the
end T of the pulse, the initial state CI(0) is transformed into
CI(T) = U(T,0)CI(0) and the final probability amplitude of
observing the final state is given by the scalar product

Ak Tð Þ ¼ Cð�ÞFk jUðT ; 0ÞjCI

D E
¼ Cð�ÞFk jCIðTÞ
D E

(19)

That can be converted to a cross section in the case of
sufficiently long and weak pulse,41,42 or just an ionization
probability, also in the nonperturbative regime. Although com-
putationally expensive it is presently a popular approach, with
several techniques available for the numerical solution of the
TDSE, and will certainly occupy an important place in future
research.

We may finally mention Auger decay. It is actually a double
(or multiple) electron ionization, which is a large topic outside
our present scope. In most situations it is however well
described as a two-step process, i.e. the decay of an isolated
resonance (the core hole state) in the continuum, caused by the
interelectronic coulomb term. At this level Auger intensities are
obtained by Fermi golden rule, or Wentzel ansatz43

TJkI ¼ 2p CJkjH � EjCIh ij j2 � 2p CJk
1

r12

����
����CI


 �����
����
2

(20)

that can be treated like the previous dipole moment
amplitude.44 Here CJk is the continuum wavefunction relative
to a double ionized state CJ and the Auger continuum electron.
The direct photoelectron and Auger electron pair is however
entangled, and if both are measured in coincidence their
distributions are not independent, as discussed in a formula-
tion including both electrons.45,46

The description of electronic states

The description of electronic states in photoionization involves
many-electron bound and continuum states. For the latter
an essential ingredient is the calculation of single electron con-
tinuum wavefunctions in the nonspherical molecular potential.

The calculation of bound states is a central theme of
quantum chemistry,47–49 highly developed, and dominated by
the treatment of electron correlation, or many-body effects, that
is deviations from the predictions based on the mean field
Hartree–Fock (HF) approach. Bound states are important per se,
as initial, intermediate or final ionic states of the system, and
for the calculation of transition amplitudes. Moreover they
enter in the formulation of the final continuum, together with
the photoelectron wavefunction. The reference point is the HF
single determinant (configuration) description of the ground
state (GS), with optimum orbitals variationally determined
(by the self consistent field, SCF procedure). Orbitals are efficiently
obtained by basis set expansion, employing a set of functions
(atomic orbitals, AOs, mostly built from Gaussian type functions,
GTOs) centered on the various atoms. These provide the occupied
orbitals as well as a complementary set of excited state molecular
orbitals (MOs). From the full set of occupied and excited orbitals,
excited configurations can be constructed, and linear combinations
(configuration interaction, CI) may be determined by diagonalizing
the Hamiltonian, to describe both excited states and introducing
correlation. Taking all configurations into account, so called full CI,
is prohibitive except for the smallest orbital spaces, and truncations
have to be introduced, which strongly affect the quality of the
results. The simplest is truncation on the order of excitation, like
Singles (S), doubles (D) and so on (T, Q). Going beyond the singles
and doubles (SD) excitation level is very expensive, but an accurate
choice is to generate SD excitations starting from a selected set
of strongly interacting configurations, called multireference CI
(MRCI). If in addition orbitals are optimized then multiconfigura-
tional SCF (MCSCF) wavefunctions are obtained, the most common
variant being CASSCF (complete active space, i.e. full CI over a
restricted orbital space) or RASSCF (restricted active space, i.e. one
or two electrons outside the CAS space). Corrections due to
configuration mixing can be obtained by perturbation theory
(PT), and often PT is included on top of CI, to correct for the next
layer of configurations omitted (MRCI-PT, CAS PT2, RAS PT2).50,51

A different expansion based on an excitation operator in exponen-
tial form generates the coupled cluster (CC) expansion like CCSD,
CC3, which includes products of lower order excitations, via non-
linear optimization, satisfying important formal requirements
(size extensivity) and a more complete treatment of correlation.
A different approach is based on the response (linear, quadratic,
etc.) of the system to an external perturbation, or to the calculation
of propagators (or closely related green functions (GF) or equation
of motion (EOM)), which directly approach the excited (ionized)
states and the relevant transition amplitudes without explicitly
computing excited state wavefunctions. The lowest order approach
is random phase approximation (RPA) for excitation. Widely used
are OVGF (outer valence Greens function)52,53 and the algebraic
diagrammatic construction (ADC(n)),54–56 where n is the order of PT
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employed, which has been recently reformulated as a wavefunction
approach (note that different formalisms are required for excita-
tion, ionization, etc.) and the LR or EOM approaches based on the
CC ground state (EOM-CC)57 at different excitation levels.58,59

A similar approach is the SAC CI wavefunction, specifically
designed for excitation and ionization.60 These approaches are very
effective for a balanced treatment of correlation, but suffer when a
multireference treatment is required. Finally a different theoretical
approach is density functional theory (DFT),61,62 although most
common implementations, based on the Kohn–Sham (KS)
approach are formally similar to HF, differing in practice for the
HF exchange potential substituted by an exchange–correlation
potential VXC, partly theoretically derived, which includes some
correlation. In practice DFT works quite well, and in case of local
VXC potentials it is also computationally easier. It is difficult
however to treat multiconfigurational states. Also fully time depen-
dent DFT equations are computationally viable and often
employed. The linear response approximation, TDDFT,63 formally
identical to RPA, is widely employed for the treatment of excited
states, as well as for continuum calculations.64

It must be recognized however that the ability to use a very
accurate approach is often restricted to rather small systems
because of the computational demands, and that may still
represent a limitation in the case of molecules with complex
electronic structures where correlation effects play a prominent
role, like systems with open shells, excited multiconfigurational
states, or with transition metal atoms.65,66 Correlation effects
appear very clearly in photoelectron spectra by the presence of
final states (satellites) relative to multiple electronic excitations,
forbidden at the HF level.67,68

The situation is significantly more complex for the final
continuum states. The final state has to obey scattering boundary
conditions which pose significant problems both for the descrip-
tion of the photoelectron and the structure of the many electron
wavefunction. The current strong interest in the description of
ionization processes, both in the few photon and strong-field
regimes, and the time resolved processes that can be addressed by
the ultrashort pulses available with new laser/FEL sources have
prompted several groups to propose new algorithms and compu-
ter codes.69–74

In principle a very accurate representation of the continuum
states can be achieved by the so-called close-coupling form of
the wavefunction

CEa ¼
X
a0

CF0fEa0a þ
X
K

CEKaFK (21)

where a includes the index F of target (ionic) states and the rest
of labels needed to specify independent continuum channels.
It generalizes the CI approach to the continuum states, satisfying
the required boundary conditions. It includes a sum over all
target states CF0 strongly interacting times a corresponding
continuum orbital fEa0a; and a sum over bound state wavefunc-
tions FK to describe short range correlations and possibly
autoionizing states, although there is some freedom to move
bound state components between the two expansions, and
special constraints are needed to ensure a unique solution.

Many specific approximations are possible depending on the type
of target states employed and the quality of their description. The
single channel (SC) approach limits the expansion to a single term

CEa = CFfEa (22)

including only the ionic term of interest (thus neglecting
interchannel coupling and short range correlations). In this
case defining the Dyson orbital as the overlap between the
N-particle initial state and N � 1 final target

jD
FI ¼

ffiffiffiffiffiffi
N!
p ð

CN�1�
F x2; . . . ; xNð ÞCN

I x1; x2; . . . ; xNð Þdx2 . . . dxN

which is readily calculated from the bound wavefunctions CF

and CI, relative to the ion and the initial state,51,58,59,75 the
transition dipole moment (4) reduces to a good approximation
as a single particle transition moment between the Dyson and
the continuum orbitals

d
ð�Þ
Elmg ¼ jð�ÞElmjd1gjj

D
FI

D E

In the simplest approach, with bound states described by single
Slater determinants, Dyson orbital reduces to the orbital in the
initial state which is ionized, i.e. removed in the ionic state. So
in the static exchange approximation (SE), the continuum is
calculated in the frozen HF potential of the ion, and the dipole
transition between the latter and the corresponding HF orbital.
In the similar static DFT approach the same procedure is
applied with orbitals solutions of a frozen DFT (also called
Kohn–Sham) Hamiltonian describing the ground state. These
are the most commonly used approximations employed for
larger systems, or for large scale calculations. They can be
generalized to a linear response theory, which includes inter-
channel coupling, giving the random phase approximation
(RPA) in the ab initio framework or time dependent DFT
(TDDFT) approaches, the latter more commonly employed in
molecules.64 It is however easy to include a highly correlated
target state, if correlation within the bound states is important.
It is also viable to couple via Dyson orbital a continuum
electron wavefunction separately obtained, at a simpler level,
e.g. analytical,58 or DFT (TDDFT).59

In any case the most important issue is the calculation of the
continuum orbitals, which lie outside the Hilbert space and are
solutions of an (integro)differential equation with appropriate
boundary conditions. Simple approximations like plane waves
(PW) or Coulomb waves (CW) and orthogonalized variants
(OPW, OCW) are often quite poor at low to moderate electron
energies, especially for angular distributions. In the atomic
case the problem reduces to a set of, possibly coupled, ordinary
differential equations (ODE) in the radial variable, that can be
efficiently solved by finite difference techniques. In the case of
nonspherical molecular potential the situation is more difficult.
A one (single) centre expansion (OCE or SCE) can be employed
with finite differences, still giving coupled ODEs which are
reasonably good for small molecules, but converge very slowly
in the case of heavy atoms far from the expansion centre.
Alternatively cartesian grids have been employed, especially for
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time dependent problems via TDSE, but again rather restricted
grids can be employed, and pseudopotentials have to be used to
describe the inner cores. A grid approach is computationally very
efficient employing the so called Muffin-Tin (MT) approximation
to the potential,76 which divides space into atom centered
spheres plus an outer sphere encompassing the whole molecule,
where a spherical approximation to the potential within each
sphere is invoked, and an interstitial region in between, with
constant potential. The Multiple Scattering (MS) approach76,77

allows then to join solution across the various boundaries. This
approach has been abandoned for the evaluation of bound
states, being rather inaccurate, but is still quite useful for conti-
nuum states. A so called full potential MS approach, eliminating
the MT by employing cells filling the whole space has been
implemented, but it becomes computationally much more
demanding.78 A completely different alternative if the use of
basis sets to expand the continuum orbitals, following the very
successful approach for bound state orbitals employed in Quan-
tum Chemistry. However both new basis functions (GTOs have
met limited success at low energies) and different solution algo-
rithms have to be employed. A long range OCE basis is typically
supplemented by additional atom centered (LCAO) functions. For
the OCE B-splines or finite elements are mostly employed, while
for the LCAO part either GTOs or again B-splines are common.
Different choices and hybrid combinations are employed in
actual codes. For the determination of continuum states, also in
the CC multielectron case, different algorithms are employed, like
variational principles for the continuum (Schwinger,79 Kohn80),
the R-matrix approach,81,82 or the Galerkin method.83,84 In prac-
tice all lead to an accurate solution of the relevant equations.

Returning to the complete treatment of photoionization, at
the DFT level, one of the first general molecular approaches has
been the widely used MS-Xa approach based on the MT and the
Xa VXC potential.77 A full potential MS approach has been
implemented more recently and used in this context.78 Note
that in the literature Multiple Scattering is referred both to the
computational scheme which originates from the MT approxi-
mation, and to the development based on a Born series for the
scattering amplitudes, especially appealing in the case of core
ionization, where a primary photoelectron wave is emitted by a
strictly localized centre, and then interferes with secondary
waves scattered by the neighbouring centres. It is mostly useful
at relatively high kinetic energies, where the series converges
very rapidly, so that the sum of the zero and first order terms is
already sufficiently accurate.85 A full potential multicentre
implementation using B-splines has been widely used, employing
both DFT and TDDFT hamiltonians, and extended also to SC
formulations via the Dyson orbital formalism.74 DFT and real
time TDDFT (TDSE) are implemented with a cartesian grid in the
Octopus code.40 In the ab initio framework one of the first widely
used full close coupling implementation is the Schwinger Iterative
approach,69,79 limited to linear molecules. A number of other
programs have been implemented very recently,71–73,86,87 most
with still rather limited applications. One may note that the
R-matrix approach was one of the oldest available for the atomic
case, later extended to molecules, but only recently generalized.73

The bound state components CF, FK, are taken from Quantum
Chemistry approaches, often of the CASSCF type. It may be noted
that the close-coupling structure eqn (21), needed to satisfy
boundary conditions, is not trivial to implement, and that makes
it difficult to generalize to propagator like approaches, except to
the lowest order RPA, which has prevented their application to
this problem. The same applies to MCSCF implementations,
which have been successfully developed but restricted to solving
the TDSE with short pulses.88 Besides the solution of the coupled
equations for the continuum orbitals, also the evaluation of
the Hamiltonian matrix elements, if a basis set is employed
for the continuum,72,89 or the reduction to the set of coupled
equations, are complex and computationally demanding with
complex correlated target states. This has restricted the full
close-coupling approach to rather small systems. For larger
systems often the wavefunction is restricted to the pure SE
approach, or to the SCI form, which includes interchannel
coupling at the lowest level.

A brief summary of the current close coupling approaches
for accurate photoionization calculations are the Schwinger
variational approach, either static-exchange (ePolyScat)90,91 or
multichannel Schwinger configuration interaction (MCSCI),69

with the molecular R-matrix73 and XCHEM72 more recently
developed. Also the TREX code71 belongs to this family, but
has been mostly employed for strong field applications. Some
capabilities are available also in the OCE codes.70,86 All are
employed at the lower static exchange level for larger systems.
At the SC level the B-spline Tiresia code74 and the MS-Xa
approach77,92–94 are the most used, the former also offering
TDDFT and Dyson capabilities. All calculations on chiral molecules,
of current interest, have employed the latter two approaches, or the
OCE(SCE) code,70,87 with large angular momentum expansion. The
single channel proves reasonably accurate except for the first few eV
close to threshold, as for very slow electrons correlation (polariza-
tion) of the ionic core is generally important. Most of the
approaches can also be used in the TDSE context to describe
strong field and ultrafast electronic processes.

This quick overview has considered only single point, fixed
geometry calculations. To take into account nuclear motion,
one of the present challenges, entails repeating calculations, up
to some order of magnitude more times, for the description of
vibrational states, nonadiabatic couplings, large amplitude
motions involved in the dynamics of excited states, like in the
current pump–probe processes as described in the companion
paper on time dependent processes.1 This is why an array of
approaches, offering reasonable compromise between accuracy
and computational cost, is going to be in use also in the near
future. The joining of current electronic continuum algorithms
and computer codes with those currently developed for the
description of the nuclear motion is a pressing issue which is
just being developed. Initial steps towards implementation of
the description of vibrationally resolved spectra in large polya-
tomics beyond the Franck–Condon (FC) approximation have
been undertaken95 as well as the calculation of time resolved
spectra in pump–probe experiments with the surface hopping
dynamical approach,96,97 or the multiple spawning approach98
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or Multiconfigurational Time Dependent Hartree (MCTDH).99

For more details see the companion perspective.1

Improvements both in algorithms and computer implemen-
tations also exploiting hardware development and massive
parallelism, is certain to take place, to improve accuracy and
increase speed, and make them available to a wider commu-
nity, like is the present case with highly developed Quantum
Chemistry programs for bound states.

In conclusion there is a tight dialogue between theory and
experiment. Experiment is a constant challenge to theory, to
refine formulations and approximations, both to devise a
correct description of novel processes and to push for increased
accuracy. Theory helps experiment by building bridges between
observables and the underlying structure of the systems studied,
by deepening understanding and by providing some missing data.

Experimental methods and tools

In this section we focus on two major directions characterizing
the instrumental methods which value angle-resolved studies
of molecular photoionization in the laboratory and in the
molecular frame, namely the continuous advancement in electron
(and ion) momentum imaging spectrometers of large angular
acceptance, and the flourishing laser-induced molecular align-
ment and orientation techniques. At the core of photoelectron
science naturally stands the impressive development of advanced
light sources, new generations of free electron laser and synchro-
tron radiation facilities, table-top femtosecond lasers at infrared
(IR) and mid-infrared (mid-IR) wavelengths, high-order harmonic
generation (HHG) laser based sources of attosecond XUV pulses:
their key role and their adequacy for the research projects cover-
ing different light–matter interaction regimes and employing
different techniques are addressed and referenced in relation
with the experiments evoked in this perspective and related
publications. Another aspect, underlying the extending field of
photoelectron studies towards molecular systems of increasing
complexity, is the chemical and physical handling of the samples.
While supersonic expansion and seeded molecular beams, con-
tinuous or pulsed using mostly an Even–Lavie valve,100 are central
for setting a localized, rotationally cold sample of molecules, a
number of challenging issues are at play to bring large molecules
e.g. organic or biomolecules from liquid or solid to the gas phase,
control their quantum state, discriminate isomers, conformers,
clusters, etc., involving a variety of sophisticated methods. For
these aspects, complementing recent reviews and results,101–105

we refer as well to the relevant publications.

Momentum imaging spectrometers

Nowadays, most of the experiments aiming at the measurement
of angular distributions of photoelectrons in a broad kinetic
energy range (from hundreds of meV to hundreds of eV) rely on
efficient momentum imaging spectrometers where charged par-
ticles emitted at the crossing of the light beam and the molecular
beam are driven from the interaction region towards multi-
dimensional position sensitive detectors (PSDs) by electrostatic

fields ensuring a 4p angular collection. Two main approaches
form the basis of the flourishing developments observed within
the past 30 years, which may be selected according to the
targeted scientific needs, and the characteristics of the light
sources used. We first describe briefly the main features of
electron–ion coincidence 3D momentum spectrometers, referred
to under the generic name of reaction microscopes, at the core of
many experiments addressing molecular frame or recoil frame
photoelectron angular distributions (MFPADs or RFPADs) of
diatomic and small polyatomic molecules, now extending to
larger molecular systems, of the order of 10 atoms. We then
consider devices relying on Velocity Map Imaging mostly used in
photoelectron spectroscopy to measure LFPADs for an assembly
of randomly oriented molecules, described by a set of b asym-
metry parameters, or reaching molecular frame angular features
in presence of laser aligned molecules. Both approaches are
combined in recent ‘‘hybrid’’ spectrometers or end stations to
achieve optimal performance according to the light source and
scientific context, as sketched below.

Building on photoelectron–photoion coincidence detection
methods (PEPICO),106–108 and pioneering measurements of
PADs in the molecular frame,4,109–111 double particle imaging
spectrometers encountered a large development since the late
nineties,111,112 driven in part by the experimental determination
of MFPADs in dissociative photoionization processes. Electron–
ion coincidence 3D momentum spectrometers measuring both
the impact position (x,y) and the arrival time (t) for each particle
arising from photoionization of a single molecule and guided to
the relevant electron or ion PSD using uniform electrostatic
fields,113–115 or parallel electrostatic and magnetic fields in COLd
Target Recoil Ion Momentum Spectroscopy (COLTRIMS) set-
ups,116–119 provide event-by-event acquisition of the correlated
3D initial momenta of all emitted charged particles, featuring a
kinematically complete description of each ionization event. For
dissociative photoionization which prevails for inner-valence
and inner-shell ionization of molecules, the measured correlated
photoelectron and photoion velocity vectors (or momenta) from
initially randomly oriented molecules provide MFPADs when
dissociation of the molecular ion is rapid compared to molecular
rotation i.e. within the axial recoil approximation.120,121 As
defined in the formalism section, for each DPI process charac-
terized by a set of photoelectron energy and kinetic energy
release (KER) of the fragments, the fourfold MFPAD stands here
for the (y,j) photoemission diagram in the MF, for any orientation
(b,g) of the molecular axis relative to the field frame in the general
case of elliptical polarization. PSDs used in these coincidence 3D
momentum spectrometers consist of a set of multichannel plates
(MCPs) of currently 80 mm or 120 mm (up to 150 mm) diameter
and an anode which relies mostly on delay-line fast timing
technology.122,123 The latter is made of two or three copper coils
coupled with a multichannel time-to-digital converter (TDC), pro-
viding the impact position and the arrival time for each particle
with typically a time precision of 100 ps and a spatial resolution up
to 45 mm,124 and few particle multihit capabilities. The ion time-of-
flights (TOF) are typically in the range of several microseconds (ms),
with backward–forward (BW–FW) extension of few hundreds of
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nanoseconds (ns) corresponding to the pz momentum distribution,
while the corresponding values for electrons lie typically in the
range of tens of ns for the TOF, with BW-FW extension of few ns
which often motivates a dedicated time-stamping exploiting the
MCP signal. The detection efficiency, which plays a major role
when performing (multi) coincidence measurements, has been
quite significantly improved recently by the use of ‘‘funnel’’ MCPs,
i.e. MCPs designed with tapered pores increasing the open area
ratio up to 90%.125,126

With the additional magnetic field parallel to the extraction
field in COLTRIMS, electron trajectories are constrained to a
spiral motion within the radial dimension of the detector,
thereby using a significantly lower extraction field to achieve
a 4p collection angle than required without magnetic
field.116–118 This scheme enables detection and momentum
measurement of photoelectrons up to few hundreds of eV,
including specific designs for dedicated purposes such as
Auger electron momentum studies.127

In order to improve the resolution of coincidence 3D
momentum spectrometers, extra electrostatic focusing lenses
have in several cases been implemented, to reduce the blurring
effect due to the source volume and to allow working with lower
extraction fields.115,116,128–130 The relationship that thereby
connects in particular the pz component to both the measured
arrival time and position is obtained by e.g. raytracing simulations
of the particle trajectories experiencing inhomogeneous extraction
fields, or by means of detailed calibrations. Discussion of the
ultimate energy and angular resolution achieved in different set-
ups and documented with their description, depending also on
the characteristics of the light sources and the studied electron
kinetic energy range, is out of the scope of this brief description.

Since valid electron–ion coincidence detection imposes that
less than one ionization event occurs per shot of a pulsed light
source, electron–ion coincidence momentum spectrometers
have been mostly deployed at third generation synchrotron
radiation facilities, taking advantage of the MHz repetition rate
and of the few bunch mode temporal structure where two pulses
of typically 50 ps width are separated by a duration of few tens of
ns, larger than the typical flight time of photoelectrons from the
interaction center to the PSD, as well as of spectral resolution,
extended tunability, availability of exotic polarization states.

Meanwhile coincidence experiments providing MFPADs
(or RFPADs) were achieved using 1–5 kHz femtosecond laser
sources at typically 400 nm or 266 nm wavelengths, in pioneering
time-resolved photo-dissociation of molecular excited states
probed by photoionization,114,131,132 or e.g. multi-photon
ionization.133 Electron–ion reaction microscopes have later on
been combined with attosecond XUV pulses134 generated by
10 kHz NIR driving lasers, mostly based on Ti:Sapphire technology,
to investigate angularly resolved photoionization dynamics at the
femtosecond to attosecond time scale. Most recent breakthroughs
fostering coincidence experiments rely on fiber and optical
parametric chirped pulse amplification (OPCPA) based laser
developments providing intense femtosecond NIR or mid-IR
pulses, and further attosecond pulses at extended photon
energies with repetition rates in the 100 kHz range,135–140

together with the remarkable increase up to MHz repetition
rates achieved by intense femtosecond XFEL pulses.141–144 The
XFELs characterized by an unmatched brightness compared to
other XUV or X-ray sources, with up to 1014 photons per pulse i.e. a
gain of several orders of magnitude, give rise to nonlinear multi-
photon processes leading to sequential emission of electrons, as
outlined below.

On the other hand, a number of imaging spectrometers
mostly dedicated to LFPADs (or LFPIADs) rely on standard
Velocity Map Imaging (VMI) and related advanced particle
imaging.145 In VMI the primary observable is the projection
of the 3D Newton sphere onto a (x,y) 2D detector, achieved
under the action of a customized inhomogeneous electrostatic
field map based on open electrodes (repeller–extractor) producing
a lensing effect in the extraction region.146 Inversion methods
such as Abel transform or Basex147,148 allow to retrieve the 3D
momentum distribution of emitted photoelectrons or photoions
from the 2D recorded image, provided that the experiment
possesses an axis of cylindrical symmetry in the plane of the
detector, leading to the respective multiplex kinetic energy and
angular distributions expanded in Legendre polynomials. The
great impact of VMIs in molecular dynamics research originates
from its ‘‘deblurring’’ capacity, enabling a quasi-suppression of the
effect of the finite spatial extension of the interaction volume,
therefore resulting in both excellent energy and PAD’s angle resolu-
tion. Standard VMI set-ups make use of 2D detectors based on a set
of MCPs, and a fluorescent (phosphor) screen anode which is read
by a pixelated CCD (charge-coupled device) or CMOS (complemen-
tary metal–oxide semiconductor) camera with fast readout.149,150

When the cylindrical symmetry condition is not valid, alternative
methods have been implemented to access the 3D distribution such
as slice imaging techniques,151 or tomographic reconstruction of 3D
photoelectron distributions based on the record of 2D images for a
number of polarization angles.152,153

The standard VMI configuration enabling high count rates is
widely used for its efficacy and relative simplicity by the PES
community using pulsed laser sources145 or FELs of rather low
repetition rates (from 10 Hz to 1 kHz)154,155 producing a large
number of ionization events per shot, in an extended photo-
electron energy range, from low energy (100 meV–5 eV) to high
energy (few hundreds of eV) relying on additional electrostatic
lenses.130,156,157 When combined with efficient molecular align-
ment techniques, the measured PADs give access to MFPADs,
although the retrieved angular distribution, being intrinsically
averaged on the azimuthal angle j by the 2D projection, is
generally restricted to the y polar angle dependence for specific
polarization geometries. Well adapted to e.g. XFEL experiments
involving hundreds of events per shot, double sided VMI
spectrometers were implemented to record PADs and MFPADs
while monitoring simultaneously the degree of molecular
alignment158,159 in real time through 2D Coulomb explosion
ion imaging.160

In the last decade, beyond standard VMI spectrometers, an
increasing number of applications of VMI electrostatic lensing
have taken as well advantage of time-and-position sensitive
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anodes, such as delay-line detectors (DLDs) outlined above,129

or discrete imaging anodes, such as TimePix, PImMS or
Tpx3Cam, where fast CMOS sensors enable to detect arrival
times of few particles at the pixel level up to a few ns to 1 ns
temporal resolution,150,161,162 with enhanced multi-hit capabilities.
Combining the arrival time sensitivity with the VMI spatial
resolution and high count rate ability is highly valuable, enabling
e.g. strategies to measure 3D momenta distributions of photoions,
or potentially photoelectrons if the required temporal resolution is
achieved, up to 3D momentum of individual particles in coin-
cidence in relevant event rate conditions.163–165

Another valuable consequence of the arrival time sensitivity
for PAD applications is to take advantage of photoelectron VMI
in coincidence with a tandem detection of photoions. The latter
can stand e.g. as a simple TOF analyzer providing fragment-mass
resolved PADs,166,167 a 2D,112,168 or 3D photoion momentum
spectrometer130,169 where PADs are assigned to fully resolved
parent or ionic fragment momenta. Such hybrid double imaging
electron–ion coincidence spectrometers are well adapted for
operating in the quasi-continuous multi-bunch mode of syn-
chrotron radiation, precluding measurement of the electron
TOF.130,169 VMI coincidence spectrometers realizing 3D momen-
tum imaging of ions and electrons produced by femtosecond
lasers with high temporal resolution were developed relying on
two DLD detectors,129 evolving towards a simpler spectrometer
based on a single DLD of comparable performance.170 Other
recent examples of coincidence electron–ion VMI spectrometers
based on a single detector employ a fast CMOS sensor together
with a waveform digitizer coupled to the MCPs,171 or novel time-
stamping fast optical camera, such as Tpx3Cam.164 Likewise,
recording position and arrival time information with sensitive
multi-hit CMOS-type sensors in high count rate per shot conditions
which preclude real coincidence experiments, frequently met using
intense lasers or XFELs, enables a post-analysis of the data based on
statistical covariance mapping enlightening correlations between
photoelectrons and photoions.172

Laser-induced molecular alignment

There have been remarkable developments in the last two decades
to achieve efficient photo-induced alignment and orientation
of molecules with a number of applications in gas phase
stereodynamics.30,173,174 In the perspective of photoionization,
preparing an assembly of fixed-in-space molecules in the labora-
tory frame (LF) with a controlled alignment and/or orientation, i.e.
a well defined confinement of molecular axes in the LF, is a route
to molecular frame photoelectron angular distributions, since the
measured LFPADs then tend toward MFPADs.175 This approach
has a strong potential in particular for the study of non-
dissociative processes, or photoionization of molecular systems
of increasing complexity, and more generally when the overall
conditions do not lend themselves to the use of coincidence
techniques, e.g. for intense light sources of low repetition rates.

Molecular alignment/orientation induced by an optical field
results from the interaction of the light field with the aniso-
tropic polarizability of rotationally cold molecules. It relies on
the use of polarized moderately intense non-resonant laser

pulses (r1013 W cm�2) in two distinct regimes characterized
by their long (tlaser (ns) c trot) or short (tlaser (fs-to-ps) { trot)
temporal width relative to the period of the molecular rota-
tional motion trot, responsible for adiabatic176 or impulsive177

(non-adiabatic) alignment of molecules, respectively. In the
adiabatic regime irradiated molecules are aligned during the
nanosecond laser pulse and the alignment is highest at the
peak maximum. On the other hand, impulsive alignment
follows the sudden building up of a rotational wave packet
launched by the interaction of a linearly polarized femtosecond
laser pulse with the molecular beam. This generates revivals,
i.e. samples of molecules transiently aligned parallel or
perpendicular (anti-aligned) to the driving laser polarization,
after well-defined time-intervals of few picoseconds, corres-
ponding to the rotational period(s) of the target, lasting in a
narrow time-window limited to about 1 ps due to fast rotational
dispersion of freely-rotating molecules. Most experiments use
either Nd:YAG ns lasers (l = 1064 nm), or fs–ps laser pulses
originating from amplified Ti-Sapphire femtosecond laser
systems with a 800 nm central wavelength, shaped by stretchers
or compressors. Seeding molecules in a high pressure He super-
sonic expansion strongly lowers their rotational temperature
which typically reaches values close to 1 K.101

One-dimensional (1D) laser-induced alignment, where the
most polarizable molecular axis is fixed in the laboratory frame,
and three-dimensional (3D) alignment, where three principal
molecular axes are confined in space, can be achieved using an
aligning laser field linearly or elliptically polarized,176 respec-
tively. It applies to all molecules characterized by an anisotropic
polarizability and has been demonstrated from diatomic to
polyatomic molecules such as substituted biphenyls, including
chiral molecules.178 The degrees of alignment and orientation
are usually quantified by hcos2(y)i (or related hcos2(y2D)i when
2D distributions are measured) and hcos(y)i coefficients,
respectively, where y is the angle between the molecular axis
and the light quantization axis.30 They are currently probed by
photoion imaging induced by dissociative ionization, Coulomb
explosion by intense near infrared (NIR) femtosecond laser
(	1014 W cm�2),179 or X-ray free electron laser pulse,159,180–182

synchronized relative to the aligning pulses, taking advantage
of coincidence momentum spectroscopy,183 or VMI covariance
mapping.172 Adiabatic alignment provides higher alignment
degrees than non-adiabatic methods, and therefore enables a
closer determination of MFPADs.175 A disadvantage is that it
lasts only in presence of the aligning laser field, which can
create perturbations in the studied processes,184 while impulsive
alignment allows for generally preferred field-free conditions.
Both schemes have led to significant applications (see MFPADs).
For polar molecules, where the orientation additionally refers to
the direction of the permanent dipole moment, laser pulses can
be efficiently combined with a weak static uniform or inhomoge-
neous electric field allowing for quantum-state selection prior to
the laser-interaction,101,104 creating conditions for higher degrees
of alignment and orientation, in adiabatic (e.g. hcos2(y2D)iE 0.97
for iodobenzene)185,186 or impulsive (e.g. hcos2(y)iE 0.82 for NO)
alignment.187
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Most recent developments aim to gather the advantages of
both approaches, the focus being to create samples of sharply
aligned molecules preferentially under field-free conditions.
Combining quantum-state selection with specific pulse shap-
ing of the aligning laser pulse has recently demonstrated
unprecedented degrees of field-free alignment (1D) for the
linear OCS molecule hcos2(y2D)iE 0.96,188 and (3D) for generic
asymmetric-top molecules such as indole C8H7N with a 3D
metric degree hcos2 di E 0.89.189

Moreover, the limitation of impulsive field-free laser align-
ment time-windows to about 1 ps within the revivals, demon-
strated for small and linear molecules and appropriate for time-
resolved investigations using MFPADs as probes of ultra-fast
electronic and nuclear dynamics processes, e.g. chemical reac-
tions at conical intersection, charge migration, dissociation,
fragmentation. . ., motivates new developments where field-
free alignment can last for several ps in the perspective of
studying time-resolved molecular dynamics in an extended
time-scale.

One recent progress is the design of moderately-long
(100 ps) rapidly-truncated (few ps) pulses, where after a slow
adiabatic turn-on of the alignment laser pulse up to the peak,
realizing optimal alignment, a sharp non-adiabatic cut-off is
applied which drops the intensity to less than one per cent
using a single passive optics,190 ensuring high repetition rates
and very good contrast. Such spectrally truncated chirped
pulses based on a longpass optical filter generating switched
wave packets with few rotational states were used to demon-
strate field-free alignment of linear (OCS) and asymmetric top
molecules such as iodobenzene, with alignment coefficients at
the observed revivals close to those reached by adiabatic
alignment.190

Another remarkable achievement is the demonstration
of laser-induced 1D191 and 3D192 alignment of molecules
dissolved in He nanodroplets, in both the adiabatic and non-
adiabatic limits, which significantly extends the range of appli-
cations of structural and dynamical investigations.193 This
relies on two main properties: on the one hand, the 0.4 K
temperature of the He droplets, shared with the embedded
molecules, leads to quite high degrees of alignment (0.96); on
the other hand, when using sharply truncated laser pulses, the
impeding effect of the He environment on molecular rotation
increases up to about 10 ps the time-window of field-free strong
alignment, occurring right after extinction of the laser field at
the peak of the pulse. This powerful technique opens new
perspectives for molecular frame experiments, including ultra-
fast excited state dynamics, on a variety of large molecules
and complexes as demonstrated by 3D alignment of e.g. dibro-
mothiophene oligomers194 or bromobenzene dimers.165

Finally, we note that all-optical schemes employing
intense non-resonant two-color pulses,195 or based on terahertz
pulses,196,197 have been proposed to control molecular orienta-
tion. A high degree of orientation was recently achieved in e.g.
OCS with two-color nanosecond pulses,198 and 3D orientation
of polyatomic and asymmetric top molecules demonstrated
with two-color femtosecond laser pulses.199,200

Laboratory frame PADs
Photoionization dynamics

The simplest angular distribution in laboratory frame photo-
ionization is that described by the b2 parameter followed by
b4,. . ., b2n in the case of multiphoton absorption. It can convey
important information on the nature of the target, notably the
character of the ionized orbitals. It has been used in the past
as a support for the assignment of close-lying ionizations, e.g. to
distinguish between outer valence s and p ionizations, or from
nonbonding orbitals, in aromatic compounds,201,202 where
generally p ionizations show a much steeper b2 increase after
threshold. It is clearly sensitive to the AO composition of
molecular orbitals. As it depends on the ratios and interference
among contributions of different partial waves, it can be more
sensitive to some typical continuum structures, like shape
resonances or Cooper minima than is found for cross sections.
For instance a deep minimum in b2 at a well defined energy is a
clear signature of third row or heavier atoms np orbital partici-
pation to the ionized orbital.203 An interesting case has been
recently observed in epichlorohydrine, which presents an outer-
most composite ionization band, which is found to comprise
four ionizations, two of which show a pronounced b2 well, of
different depth, due to Cl 3p AO participation.204 Theoretical
calculations employing DFT or HF initial orbitals significantly
disagreed with the observed b2 profiles, and only employing
a highly correlated Dyson orbital together with a TDDFT
continuum a very satisfactory agreement is reached. This is the
first experimental evidence of hole-mixing, or orbital rotation
upon ionization, a correlation effect predicted long ago,205,206

and typically expected in low symmetry systems with closely
spaced ionizations. Recent probes of the orbital character or the
role of resonances where emphasized in e.g. experimental and
theoretical study of b2 for outer valence ionization of OsO4 and
RuO4.207 Also characterization of spin–orbit and ligand field split
4d orbitals ionization in XeF2 compared with that of Xe was
studied.208 A subsequent investigation addressed angular dis-
tributions in Auger and resonant Auger from the Xe 3d and F 1s
shells.209

Another recent application is in the photodetachment of
anions,210–213 to characterize the nature of the loosely bound
electron, e.g. in dipole bound anions. At very low kinetic
energies often a single partial wave, s or p, dominates, and is
easily recognised by its b2 behavior. The effect of molecular
conformation in a series of substituted phenolate anions was
probed through b2 measurements in different channels, with
different sensitivities.214 Vibrationally resolved b2 was observed
in the SO3

� anion, showing unexpected behavior still to be
understood. A combined experimental and theoretical study of
CN� close to threshold showed the importance of the contribu-
tion of the molecular dipole moment and the improvement
over a pure plane wave description.215 Effect of correlation and
basis set were also investigated.216 Not unexpectedly diffuse
functions proved essential for a correct description, while DFT
orbitals proved close to Dyson ones, but HF significantly worse.
The vinilydene–acetylene isomerization was studied through
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photodetachment of the H2CC� anion,217 with characteristic
b2 values splitting into two different groups, reflecting the
presence of Franck–Condon forbidden bands activated through
vibronic coupling.

Angular resolved PES allows to scrutinize resonances in
the ionization continuum of molecules. A study of angular
distributions in the two-photon non-resonant ionization in N2

employing 9.3 eV photons from HHG and a COLTRIMS set-up,
measuring b2 and b4, uncovered sharp variations in angular
distributions.218 The latter have been attributed to dipole
forbidden autoionization resonances in the final continuum,
supported by an initial theoretical study that treated the
ionization as a two step (resonant) process.218 Fano resonances
with femtosecond lifetime in the same Hopfield continuum
were characterized by angle resolved HHG-pump-IR-probe VMI
experiments.219 Sub-picosecond time-dependent oscillations in
the photoelectron yields and angular distributions, and their
decay was assigned to interactions within a complex group
of resonances close to the N2

+(X) ionization threshold at
the FERMI FEL.220 Another example is the determination of
the photoemission time delay due to a shape resonance in the
N2

+(X) state using HHG-second harmonic attosecond stereo-
photoionization interferometry.221

Photoelectron spectra are one of the most informative
probes of quantum states in pump–probe experiments, e.g.
studies aimed to disentangle the detailed mechanism of non-
adiabatic dynamics in photon induced processes.1 Often the
pure ionization energies (TRPES) are insufficient to unambigu-
ously pinpoint the evolution of electronic states, as they reflect
also the changing nuclear geometry. Angular distribution (time
resolved PE imaging, TRPEI) may give very valuable information
on the nature of the excited states as they are more sensitive to
the structure of the relevant orbitals. The ideal goal of fully
oriented results is rarely attained,222,223 but already b2 and b4 are
very informative. After some pioneering studies, like excited state
dynamics in pyrazine,224,225 very few pump–probe experiments
include measurements of angular distributions, due to the
complexity of the experimental setup. Examples from a study
of the dynamics in aniline and some derivatives are reported.226

A comprehensive discussion of TRPES of pyrazine including
calculation of time dependent angular parameters at the DFT
level,96 is shown to disentangle the contributions due to different
channels. It was found that b4 is very small close to threshold, in
agreement with experimental data227 but increases significantly at
higher energies. A clear evolution in such studies has been the
development of sufficiently intense sources of higher photon
energy. Initial studies employed low photon energy lasers and
multiphoton ionization, that were fine for revealing the under-
lying kinetics, but generally too complex to follow the excited
states. An example is the study of acetylacetone dynamics.228 The
development of higher energy laser pulses finally enabled single
photon ionization, which is much cleaner to follow and easier to
interpret, as in the work on pyrazine.225 Further developments of
FELS, like the seeded Fermi source, allowing the use of still higher
energy photons, produce even cleaner photoelectron spectra,
avoiding the threshold region, ideally amenable to detailed

theoretical investigations, like that of acetylacetone.229 Still
uncertainties in the nature and the evolution of excited states
are present, that cannot be disentangled from the pure photo-
electron spectrum. The specific situation in acetylacetone is rather
challenging, as the four excited states all involve a single excited
orbital, p*, coupled either singlet or triplet to initial vacancy n
(HOMO) or p (HOMO�1), so that ionization always involves the
same p* orbital, and only electron correlation can affect its nature
and the relevant photoionization observables. In a recent study of
the same dynamics ionized by VUV laser (166 nm) probe230 b2 and
b4 were obtained and showed weak but distinct anisotropy, but
were not analysed beyond providing independent tests of the
timescales. Expanding angular detection in TRPEI experiments is
a clear goal for the immediate future.

As mentioned initial multiphoton ionization often provided
spectra very difficult to understand. A very large number of
studies have flourished thanks to the new experimental facilities
available both in the multiphoton and strong field regimes, both
employing techniques already available from classical laser
studies applied to the new energy domain, and generalizing to
new situations possible by the development of precise control
over time and phase in multicolor pulses, and structured light.
This is a very rapidly developing field, that is not possible to
adequately represent in this review, and we shall limit to a few
ref. 231–236. Others will be devoted to the special section on
chirality and photoelectron circular dichroism (PECD).

Finally LFPADS give additional insights in photoionization
studies of more complex species, or targets often problematic
to bring in the gas phase. Among these are typically large
biomolecules, clusters and nanoparticles,237,238 areosols, and
systems at the boundary of condensed phases. Recent activity is
on the study of liquids, in particular water and solutions, like
droplets or liquid jets,239,240 or surfactant layer structure at
liquid–vapor interface.241

Photoelectron circular dichroism

Photoelectron circular dichroism in single photon ionization of
chiral molecules with CP light was theoretically predicted in
1976,242 and realistically calculated by Powis in 2000,92,93 which
spurred a first experimental confirmation soon after,243 and a flurry
of subsequent work. It consists in a forward–backward asymmetry
in photoelectron emission by CP light in randomly oriented
molecules, which reverses for different R and S enantiomers,
quantified by the b1 parameter (sometimes G = (I+1(0) � I�1(p))/
Itot = 2b1), originating by the mixing of partial waves of different
parity. As this is generated by the chiral molecular potential, the
effect is quite strong at low KE, but decays fast and is generally
negligible after a few tens of eV.

Recent studies detect LFPADs in coincidence with one ionic
molecular fragment from a specific dissociation channel, taking
advantage of synchrotron radiation extended capabilities (see
Experimental Section). This improves the resolving power of
the technique, and affords deciphering between different frag-
mentation channels and/or a specific molecule in a mixture for
analytical purposes.103 Advances in electron–ion coincidence 3D
momentum spectroscopy have allowed full MFPAD experiments,
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highlighting for each channel different contributions to the over-
all measured PECD (vide infra).

Furthermore the strong development of laser technology
(ns or ps, repetition rate, XUV photon HHG, FELs, strong field)
has afforded PECD experiments both in the single photon and
multiphoton (especially resonant, REMPI) domains as well as
in the strong field regime.244,245

Single photon PECD is now a well established technique that
can be used to investigate chemical properties of selected
targets. It is essentially a gas-phase technique, due to the
ultrahigh vacuum needed to detect electrons, although a first
experiment on liquid jets has just appeared.246 In this sense it can
be considered complementary to established chiral techniques
like CD in absorption, very weak and hard to detect with dilute
samples, which is therefore most employed with solutions. Gas
phase CD measurements can nevertheless be achieved with
special techniques,247,248 and have notably been recently demon-
strated in mass selected photodetachment of DNA strands.249

While PECD may require special techniques to bring delicate
samples in the gas phase, it may probe systems, like anions or
cations that cannot survive in solution, or in typical ultrahigh
vacuum environments, like the study of surfaces and adsorbates.
The absence of solvent interactions also avoids cutoff due to
solvent absorption and the process may be easier to simulate
theoretically. We shall concentrate on very recent work since many
examples are reported in the two most recent reviews.102,103

Examples include determination of absolute configuration,
molecular conformation, electronic and vibrational structure,
and very recent extension to complex biological samples, nano-
particles and liquids. Let us remind that absolute configuration
assignment of chiral molecules still presents difficult cases, with
relatively few techniques available,250 and PECD stands as a very
powerful technique in this respect.251

Many details of molecular structure can be analyzed. At
variance with IP, s or b2, PECD, like other chiral techniques,
is generally very sensitive to molecular conformation, as has
been highlighted by theoretical simulations.252 The power of
PECD to reveal conformational changes in the gas phase has
been highlighted in a study of 1-indanol, where supersonic
expansion of the molecule in He and Ar produce a mixture of
conformers in the former, but the pure equatorial one in the
latter. Despite the superimposable photoelectron spectra and
b2 parameter, PECD showed a clearly distinct behaviour.253 The
conformational dependence is generally hidden as averages in
the experimental results, but has been recently investigated in
one photon ionization of amino acid proline254 which presents
two pairs of stable conformers. It is a rare case where con-
formers can be discerned by rather different IP’s, which allowed
to gain detailed information on the dependence of PECD on
conformation, as well as of the fragmentation patterns.

A possible link of PECD of amino acids such as alanine and
proline with the origin of life’s homochirality along with other
processes is discussed in the context of astrobiology.255

Another chemically driven investigation is PECD of the
organometallic complex Ru(acac)3 (acac = acetylacetonate).256

It is an example of a class of chiral metal trischelates, of D3

symmetry. The PES spectrum is very rich, with several well
resolved bands, that afford a wealth of experimental data. It
proved however very difficult to study theoretically, both for the
size of the molecule and the presence of a metal atom, plus the
open shell electronic structure which gives rise to multiplets in
the PES spectrum, preventing a definite assignment of the
spectrum. Actually an older study of the simpler Co(acac)3,
which is closed shell, showed quite satisfactory agreement with
theoretical calculations for the HOMO band,257 but very poor
for the following ones.258 The problem probably lies in the poor
description of ionic states, as is suggested by the bad reproduction
of the PES spectrum by the OVGF approach, which is generally
very accurate for organic molecules. Typically very strong correla-
tion effects appear in transition metal compounds, and PECD can
be a powerful tool also for a correct assignment of the spectrum.

The influence of vibrational excitation on the b1 parameter
has been analyzed,95 exploiting the large vibrational envelope
of the HOMO ionization in 3-carene, which is a rigid molecule,
well separated from the following HOMO�1 band. An excellent
reproduction of the experimental points by the MS-Xa approach
is obtained for the mostly adiabatic low energy side of the
HOMO band. Scanning the whole band a large variation of b1 is
observed, and comparing measurements along the band at
identical electron KE shows conclusively that KE variations are
of minor importance for the changes observed. A calculation of
FC factors, with harmonic wavefunctions and including
Duschinski rotations shows a myriad of vibrationally excited
components, overtones and combination bands, although the
main peaks visible in the spectrum are associated with the
stretching of the CQC double bond, and to a puckering
vibration. More insight is obtained by theoretical simulations
involving a single vibration at a time. It remains clear however
that the overwhelming complexity of the vibrational spectrum
precludes a detailed explanation of the observed experimental
trends, and call for a full non FC simulation including the
majority of the normal modes along with the associated change
of the transition dipole moment, still to be developed. A similar
study was performed on methyloxirane and the trifluromethyl
derivative.259,260

Investigation of PECD for larger molecules e.g. of biological
relevance often requires special sample preparation to handle them
in the gas phase. Measurements of PECD in photodetachment of
amino acid anions261 have been performed employing circularly
polarized laser beams and electrospray techniques for the
preparation of the gas phase samples. Although these are initial
results, the potential for the study of complex biological sys-
tems is clearly demonstrated. A theoretical simulation on a
model anion system by the SCE approach has confirmed the
sensitivity of the technique.262 A further extension to the study
of PECD in condensed phases, relative to aerosols of the amino
acid serine, has been undertaken.263 Unexpectedly PECD,
although reduced in absolute value with respect to the isolated
monomer, survives in the nanoparticle, at variance with the b2

parameter which is totally quenched. Detailed interpretation
proves very difficult in such complex systems, and will have
probably to rely on phenomenological arguments, but again a
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clear indication of the potential of the technique in this area is
achieved.

At the more fundamental level is the study of autoionization
resonances, effect of molecular orientation, or pump–probe
experiments. The behavior of the Fano resonance in b1 around
the first O 1s resonant absorption in methyloxirane was investigated
recently.264 While the direct channel is computed to show a
negligible b1, as expected since b1 goes quickly to zero at high
electron KE, a hundredfold increase due to the interference
with the resonance is predicted, with an effect of the order of
2%, which is clearly measurable, and a characteristic disper-
sion profile across the resonance, in fair agreement with the
experimental result. This shows the opportunity of measuring
b1 in resonant Auger spectra, an interesting new possibility.
Actually a similar Fano resonance was observed,257 associated
with the 3p - 3d excitation in Co(acac)3, but at much lower
energy, with a typical Fano shape profile.

A two-color pump–probe study involving X-ray femtosecond
pulses at the linac coherent light source (LCLS)-XFEL at SLAC
National Accelerator Laboratory, the first photon (LP) ionizing
a F 1s core in enantiomerically pure trifluoromethyloxirane
followed by Auger decay, the second one (CP) probing the PECD
temporal evolution for F 1s ionization of the chiral mother-ion
in the (C3H3F2O+–F+) dissociation channel within few hundreds
of fs, was reported recently.265 This experiment, supported by
the theoretical prediction of a significant PECD dependence
upon the internuclear distance between the ejected F+ and
chiral ionic fragments and the position of the emitter-site,
shows the feasibility of XFEL dynamical PECD studies, as a
probe of molecular dynamics at distances of the two ions
largely exceeding chemical interaction.265

The possibility of employing table top instruments relying
on laser technology, even if highly sophisticated presently, is
now expanding the availability of the PECD technique to many
laboratories. A first experiment producing highly elliptically
polarized light from high harmonic generation, has shown
the potential to address single photon PECD.266 Most studies
have addressed PECD in multiphoton ionization (REMPI). The
variety of situations is quite large and we shall limit to a few
recent papers, but tracing the first experiments.

More conventional, and practical multiphoton experiments
(MP-PECD) carried out few years ago, showed great promise of
widespread application, beyond the analysis of higher order
processes.267–270 Recent developments include the use of a
nanosecond laser,271 which is found to yield very similar PECD
compared to femtosecond, but with large differences in the
photoionization rates relative to the intermediate states
reached in the 2 + 1 REMPI ionization subsequent to improved
resolution capabilities. This was followed by a high resolution
study pinpointing the specific vibronic levels reached through
the narrow bandwidth laser.272 A substantial insensitivity of the
PECD to the specific vibrational level reached in the resonant
excitation was found, which gives confidence in the robustness
of the technique for the identification of the molecule and the
analytical possibility to identify several compounds in a mix-
ture by selectively tuning to specific resonances. A further study

however showed a more complex situation, suggesting vibronic
coupling between close Rydberg intermediate excited states,
and a reversal of the PECD for some vibronic state.273 A similar
study has been performed on a-pinene and 3-carene,274 where
all individual bj, up to j = 6 have been measured. Those studies
highlight the richness, but also the complexity, given the high
density of states in the resonant region, of REMPI studies of
chirality, and the challenge posed by a detailed interpretation
of the results. A recent study illustrated in Fig. 2 employed the
same technique to provide detection of absolute configuration
in a mixture of chiral molecules, in this case camphor and
fenchone.275 By tuning to the 3s intermediate state resonance,
which is separated by about 8 nm (114 meV) in the two
compounds, almost pure signals from each molecule could
be achieved, and PECD was able to differentiate accurately
among the four possible enantiomer mixtures, which may
become a feasible tool for chiral analysis of mixtures.

Full angular distribution of photoelectrons emitted in (3 + 1)
REMPI with elliptically polarized light shows a very complex
pattern, with nonlinear dependence on the increasing ellipticity
towards CP276 associated with the change in molecular orientation
distribution reached in the intermediate resonant excitation. From

Fig. 2 PECD images extracted from mixtures of camphor and fenchone,
relative to the 4 combinations of R/S enantiomers, REMPI results relative to
excitation at 408.8 nm and 416.6 nm wavelengths, the first resonant for
camphor, the second for fenchone.275 Signals from the two molecules can
be clearly distinguished, as well as the specific R/S combination. Figure
reproduced from Fig. 2 of ref. 275 from Physical Chemistry Chemical
Physics under Creative Commons Attribution 3.0 International license
(http://creativecommons.org/licenses/by/3.0/).
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the full PAD relative to the RCP and LCP, taking sum and
difference, PAD and PEELD (Photoelectron Elliptical Dichroism)
are defined, the latter showing very strong signatures of the
chirality. Also reduced PEELD by suitable averaging prove suffi-
cient to characterize the species and determine the enatiomeric
excess with high accuracy. The technique has been expanded as an
analytical tool, capable of real time (B1 s) determination of
enantiomeric excesses of several chiral molecules at the same
time by scanning the ellipticity of the light.276,277

The possibility offered by MP-PECD as an analytic tool for
chirality detection has been exploited to study surface
desorption of fenchone on Ag(111).278 It demonstrates the
potential for enantiomer-specific detection of surface reaction
products on heterogeneous catalysts in asymmetric synthesis.
Another experiment looked at the coincident PECD and
PICD,279 where the latter is the dichroism in fragment ion
production. In methyloxirane comparable asymmetries were
observed for both dichroic effects, which may be coincidental,
and it was proposed that a joint measurement can better
discriminate between different molecules. Circular Dichroism
(CD) in strong field ionization of chiral molecules such as
CHFClBr has been characterized by Coulomb explosion subse-
quent to fourfold ionization.280 The experiment considered a
pure racemic mixture, and the results for each enantiomer were
selected by orientation of three coincident ion momenta, F+, Cl+,
Br+. CD was measured for both the total ionization intensity, and
the Br+ ion production chosen as observable, as well as for the fully
differential ionization which displays a CD enhanced by two orders
of magnitude reaching 10%. A second experiment focused on
strong field single ionization in methyloxirane, with results strongly
different from the predicted one photon case, still to be fully
understood.280 A different scheme was studied, where PECD is
detected in two photon excitation, the first with circularly polarized
light to a set of Rydberg orbitals in fenchone and camphor followed
by ionization with a second linearly polarized pulse,281 based on a
theoretical development.282 Further recent studies address the
effect of time control of the field chirality at the subcycle level,283

and the influence of chirality on tunnel-ionization dynamics.284

Finally a very intense development is taking place on the possibi-
lities offered by the use of structured light, with specifically
designed pulses, mostly at the theoretical level.285

At the theoretical level, the one photon PECD is well under-
stood, but development towards increasing accuracy of the
continuum description, accurate treatment of the nuclear
motion and description of floppy molecules, and computational
efficiency are still in progress. The situation is less developed for
the multiphoton, especially the REMPI case. Initial approaches
have been considered already in the first experiments,267 then a
more elaborate perturbative description,231,286 and a TDSE
treatment245 were presented. Although giving qualitative agree-
ment with measured asymmetries, experience is too limited and
more work has to be done before reaching a well established
methodology. At a more theoretical level, a deeper analysis based
on the underlying symmetries has been presented in a series of
papers.287–290 This allows to predict the type of chiral signal
expected from any specific arrangement of the external fields.

Non dipole parameters

The study of non-dipole effects in the molecular PADs started
quite some time ago291 but proved to be very delicate, and some
results reported were not verified.292,293 The additional para-
meters g and d characterizing the PAD (eqn (17)) are typically
rather small, but quite structured. Recently renewed interest has
been spurred by the advent of new light sources in the tender and
hard X-ray regime,294–296 probably beyond the first order effects
that have been hitherto considered, but molecular nondipole
effects have been barely investigated. A number of theoretical
papers have appeared,297–299 including the full photon plane
wave, and a review, also covering the strong field regime.300

Exploring the hard X-ray region, new results have been
reported for K-shell ionization of N2 at 40 keV,301 where one
Auger electron and the two N+ ions are detected in coincidence
using a COLTRIMS set-up, providing momentum vectors of
four particles including the energetic photoelectron. Strong
modifications of the KER pattern from low energy photoexcita-
tion are observed, where direct photoionization and Compton
effect can be clearly separated. The main result is that recoil of
the parent ion is imparted by both photoelectron and photon
momenta on the same footing. An interesting issue relates to
core hole localization, since this experiment shows that the
photon is entirely absorbed by one of the equivalent atoms, and
not delocalized between the two. Remarkable photoemission
features are identified in the molecular frame as reported
below. The transfer of photon momentum from about 0.1 to 10.
atomic units was observed in photoionization of He and N2 in the
300 eV–40 keV energy range,302 verifying the prediction of
momentum sharing between electron and ions, the latter being
shifted backwards with respect to the light propagation vector.
The g parameter for He measured over the full energy range was
found in excellent agreement with theoretical calculations. Finally
a study of nondipole effects on the angular distribution in xenon
induced by strong field ionization (SFI) with CP light303 empha-
sized an asymmetry with respect to the polarization plane, due to
both the magnetic and electric nondipole components, a finger-
print that should also affect SFI of molecules.

Molecular frame and recoil frame PADs

The range of experiments addressing photoelectron angular
distributions in the molecular frame is continuously expanding
whether they address the intrinsic photoionization processes for
molecules of increasing complexity and different regimes of
light–matter interactions, or they use photoionization as a probe
of alternative photoinduced electronic and nuclear
dynamics.29,142,304 The molecular frame is rigidly attached to
the molecule. For simple systems it is based on symmetry axes in
the molecule, selecting the principal symmetry axis as reference,
while the laboratory frame identifies with the light field frame,
referred to the polarization axis or the propagation axis for
linearly or circularly (elliptically) polarized light, respectively.

In this section we present some current issues of MFPAD
studies, according to the two major ways to establish the
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molecular frame, presented in the experimental section, i.e. (i)
working with randomly oriented molecules and determine the
effective molecular frame a posteriori for each dissociative
photoionization event, by means of electron–ion coincidence
momentum spectroscopy, or (ii) preparing assemblies of mole-
cules well aligned and/or oriented relative to the field frame,
and repeat the measurements for all relevant polarization
geometries. Until recently, these two approaches were generally
implying different light sources (see Experimental Section):
the use of synchrotron radiation facilities well adapted to
the conditions of coincidence experiments in therefore weak
field conditions, and that of lasers, or free electron lasers, in
different field strength regimes, for studies involving aligned
targets. However, advancing in the field it is often quite relevant
to gather advantages provided by both techniques, which is also
supported by the remarkable evolution of the light sources
including e.g. the increased repetition rate of mid-IR lasers and
related XUV HHG sources, and XFELs.

A. MFPADs from randomly oriented molecules: electron–ion
coincidence 3D momentum spectroscopy

In single-photon ionization, experiments taking advantage of
electron–ion coincidence techniques mostly apply to inner-
valence or inner-shell ionization of molecules where the
produced cationic states often fragment rapidly, leading to
the production of one photoelectron and one or several ionic
fragments (if subsequent Auger decay occurs), and for which the
validity of the axial recoil approximation can be controlled.120,121

Dissociation of the ionic states is either a consequence of steep
repulsive potential curves in the Franck Condon region, or, in the
case of quasi-bound ionic states due to predissociation subsequent
to coupling with a repulsive state. Depending on the associated
life-time compared to the rotational period of the cation state,
dissociation may be prompt or involve some rotation which must
be accounted for in the data analysis. Thus, in the simplest case
where a molecular ion dissociates rapidly in two fragments,
measuring in coincidence the momentum of the ionic
fragment(s) which features the molecular bond at the instant of
photoionization, and the ejected electron momentum, provides
the photoelectron angular distribution in the molecular frame,
for each orientation of the light polarization relative to the
molecular axis. Most of the experiments in this section rely on
the use of reaction microscopes ensuring a 4p collection angle of
electrons and ions as described in the Exp. section.

Here we present selected recent examples illustrating
contributions of MFPAD studies to the description of (i) photo-
ionization dynamics, (ii) characterization of molecular struc-
ture and dynamics or (iii) fundamental questions in quantum
mechanics and light–matter interactions.

Photoionization dynamics

Building on the pioneering expression of MFPADs (Section Form-
alism)2 reflecting the interference of a number of partial waves in the
ionization continuum, the goal to access the partial wave resolved
complex dipole matrix elements (DMEs), i.e. the dynamical

parameters providing a complete description of a photoionization
transition from the initial ionized molecular orbital to the ionization
continuum for each photon energy was well recognized (see Form-
alism). It was addressed in the earlier AR-PEPICO studies reported
for inner-valence ionization of diatomic and small polyatomic
molecules,4,110,111,305 and in the first measured MFPADs for K-shell
ionization of N2.109 Both inner-valence and inner-shell ionization
processes were further on scrutinized in the molecular frame.

Inner-valence photoionization of molecules leads to the
production of excited molecular ionic states which involve
electronic correlation and play an important role in photo-
chemistry resulting from the interaction of XUV radiation with
dilute matter. It gives rise to a number of competing dissociative
photoionization (DPI) channels, for which MFPADs stand as
fingerprints deciphering the symmetry of the initial neutral
ground state and final excited electronic states. Such studies
were first carried out for single ionization of linear or small
polyatomic molecules using electron–ion coincidence momen-
tum spectroscopy in the axial recoil approximation,16,20,113,306,307

although some deviations have also been investigated and
exploited to determine a predissociation time or a bending angle
in e.g. excited states of N2O+.308,309 Here we point out briefly
some of these results relevant for current studies, most of which
were obtained relying on the general description of MFPADs in
terms of FLN functions (Section Formalism). An example of the
five FLN(y) extracted from the measured MFPAD I(y,j,b) for PI of
the NO molecule into the NO+(c 3P) ionic state induced by
circularly polarized light (see eqn (9)) is displayed in Fig. 3(A),
together with the result of MCSCI calculations.310 Based on the
measured FLNs, Fig. 3(B) displays a complete set of four MFPADs
featuring the parallel (a) and perpendicular (b) transitions, as
well as MFPADs for a molecule oriented at 451 relative to linearly
polarized light (c) or at 901 relative to the propagation axis of
circularly polarized light (d) which both result from different
coherent superposition of parallel and perpendicular transitions.

Magnitudes and signed phases of the partial wave resolved
DMEs were determined for selected processes such as PI of the
NO molecule into the NO+(c 3P) state in the region of the 4s-

ks* shape resonance.15,17,23,310,311 The DME dynamical para-
meters were extracted through a non-linear least-squares fit of
the CL0LN coefficients obtained via the Legendre polynomial
expansion of the measured FLN functions and compared with
ab initio calculations.17 A recent highlight illustrating the photo-
ionization dynamics in terms of MF angle resolved photoioniza-
tion time-delays (see eqn (6)), relying on the derivation of DMEs
from measured MFPADs, is presented below.311 It is noteworthy
that the temporal dynamics of this PI process is also addressed
in a recent study312 relying on the XUV-IR RABBITT (Reconstruc-
tion of attosecond beating by two-photon transitions313) inter-
ference scheme resolved in the molecular frame.314

Another outcome of complete MFPAD measurements is
the direct evidence of the CDAD which measures the
different MFPAD response of a molecule when exposed to left
or right CPL,315,316 as predicted and observed in earlier
investigations.17,317–320 Governed by the F11 function in
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eqn (9), the CDAD is a signature of the signed relative phase
between the photoionization amplitudes for the parallel and
perpendicular transitions, and a sensitive probe of autoionizing
resonances.316,321 In PI of non-chiral molecules, the CDAD
enabled by non-coplanarity of the electron momentum k, the
molecular axis and the light propagation axis, quantifies
the subsequent right-left anisotropy in the MF described by
the azimuthal dependence in sinj in eqn (9). The latter is
maximal for electron emission in the polarization plane when
the molecular axis is perpendicular to the light propagation
axis. It contributes as well to the emission anisotropies
observed for chiral molecules as illustrated below, but is
distinct from PECD effects.322,323

It is pointed out that when PI is induced by elliptical
polarization, the MFPAD general expression encodes the complete
polarization state of the ionizing light in terms of e.g. the three
Stokes parameters.17,324 This property has been recently exploited
to probe the polarization state of high order harmonics generated

in SF6 molecules by an elliptically polarized IR field,325 or
driven by intense ultrashort bichromatic circularly polarized fields
in Ar.326

For dissociative ionization of non-linear molecules, the
observable consists of the recoil frame photoelectron angular
distribution (RFPAD), obtained from the MFPAD by a rotation
(aR, bR, gR) of the MF into the recoil frame (RF) attached to the
recoil direction (aR, bR) of the ionic fragment, and average of
the MFPAD over the azimuthal angle gR. For single photon
ionization of a molecule of C2v symmetry breaking in two
fragments, such as NO2 where ionization of the (1a2) and
(4a1) MOs was studied,26 it was shown that the RFPAD
I(y,j,b) takes the same functional form as that of MFPADs for
linear molecules, after averaging on the unknown spatial
orientation of the molecular fragment, enabling a detailed
comparison of measured and computed observables. This
method was extended to characterize MPI of e.g. NO2 induced
by 400 nm femtosecond pulses, accounting for the partial mole-
cular alignment subsequent to (n � 1) photon absorption.133,327

Structured RFPADs have been reported for single photon
ionization of the (1t1,4t2,1e) outer MOs of the CF4 molecule
dissociating into CF3

+ + F, for a recoil axis parallel to the
polarization.328 For e.g. (4t2) ionization, a striking flip of the
RFPAD anisotropy with electron energy is assigned to a strong
intra-channel coupling between overlapping shape resonances
of a1 and t2 symmetry supported by ab initio calculations.328

The PI dynamics underlying the role of these shape resonances
is also investigated in two recent time-resolved studies of
RFPADs for photoionization of CF4, decaying to the (CF3

+ + F)
channel, using the XUV-IR RABBITT interference scheme.329,330

The latter reveal significant variations of the measured recoil-
frame angle-resolved photoionization time delays in the range
of a few hundred of attoseconds, in particular asymmetries
along the recoil frame axis at the lowest explored energies.329

The question to which extent the one-photon (XUV) ionization
delays can be extracted from the measured MF angle resolved
two-photon PI delays is considered.329,330 While the single
photon ionization delay is well defined and computed as the
energy derivative of the phase of the photoionization amplitude
(eqn (6)) as illustrated below, that obtained in two-photon XUV/
IR RABBITT experiments are more complex to disentangle, as
they comprise additional phases, in particular that intrinsically
part of the two-photon matrix element involving continuum–
continuum transitions.10,11,14 In the example outlined here, two
theoretical formulations were employed, via second order
perturbation theory, based on the approximate evaluation of
the continuum–continuum transition delay,329 or via a simula-
tion based on the solution of the TDSE with the two colour pulse,
which in principle includes exactly all contributions.330 Both are
limited by the treatment of correlation effects, at the Hartree–
Fock and Density Functional levels respectively. They show that
although following qualitatively the one-photon delays the addi-
tional terms are not constant and do not cancel out in taking
differences relative to one reference.

For inner-valence ionization of weakly bound systems such
as atomic or molecular dimers, an important class of non-local

Fig. 3 (A) Measured (red) and computed (blue) FLN functions (see text)
and CDAD parameter for ionization of NO into the NO+(c 3P 4s�1) at hn =
26.35 eV photon energy,310 experiment and theory are normalized such
that the total cross-section is identical. (B) Polar and azimuthal depen-
dence of the corresponding measured MFPADs for a linear polarization of
the ionizing light parallel (a), perpendicular (b) or tilted at 451 (c) relative to
the molecular axis as shown, or for RHC polarized light propagating
perpendicular to the molecular axis (d).
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electronic decay mechanisms is described as Interatomic
Coulombic Decay (ICD).331,332 In ICD, following ionization of
one atom of a dimer, a valence electron fills the vacancy, while
the de-excitation energy is transferred to the second atom,
causing ionization of a valence electron from that atom.
Subsequent Coulomb explosion enables determination of
ICD-electron angular distributions in the dimer-fixed frame,
as recently illustrated for resonant ICD, following inner-valence
Rydberg excitation of [Ne*(2s�1np)Ne] dimers.333

Core–shell photoionization of molecules is followed by Auger
decay occurring within a few femtoseconds and subsequent
Coulomb explosion of the multiply-charged cation leading to
the emission of two (or more) ionic fragments, together with
the photoelectron and Auger electrons. This provides a vast
opportunity for MF characterization of photoionization
dynamics of linear and polyatomic molecules, as well as for
electronic relaxation and fragmentation dynamics of cationic
states. Complete photoionization experiments combining lin-
ear and circular (elliptical) polarization states were demon-
strated e.g. for K-shell ionization of CO and N2,320 and (2sg)
ionization of N2.334 When using CPL, a large CDAD in the
molecular frame was demonstrated for K-shell ionization and
identified as a sensitive probe of theory.320 The photon
(or photoelectron) energy dependence of the MFPADs, and that of
the magnitude and phases of the DMEs when extracted, provided
the orbital angular momentum composition of the electron wave
function temporarily trapped in a shape resonance.109,334 In this
context, K-shell ionization of CO recently led to the extraction of MF
angle resolved photoionization time-delays.335

Molecular frame Auger electron angular distributions
(MFAADs) for decay channels stamped by the KER of the ionic
fragments allowed to scrutinize the validity of a two-step model,
where core-level photoionization and subsequent Auger decay
are described as independent steps. While this framework was
supported by the dependence of MFAADs on the symmetry of
the Auger transition, independent on the orientation of the
polarization axis,127 small asymmetries of MFPADs correlated
with Auger decay channels in e.g. C(1s) and O(1s) ionization of
CO2,336,337 were interpreted as a partial breakdown of the two-
step model. MFAADs were shown to disentangle fragmentation
pathways of dications, such as symmetric fragmentation, isomer-
ization, or deprotonation in K-shell ionization of acetylene,338

involving curve crossings and conical intersections, or fragmenta-
tion channels subsequent to 1sg and 1su core ionization of N2,
resolved by additional coincident angle resolved detection of
photoelectrons.339,340

Resonant excitation of a core–shell electron to an antibonding
molecular orbital leads to ultrafast dissociation, which may occur
on a few femtosecond time-scale comparable to that of Auger
decay. There the KER of the fragments encodes the internuclear
distance at which ionization occurs, providing an internal clock of
the molecular breakup. MFAADs resulting e.g. from Cl(2p) excita-
tion of HCl to the 6s lowest unoccupied MO, corresponding to
different KERs, were shown to map the evolution of the ionized
orbital from a s-type MO to an atomic p orbital oriented

perpendicular to the molecular bond,341 tracing the electron
density temporal evolution during molecular breakup. This
strategy is at work in ongoing studies.

With the advent of XFELs, double core hole (DCH) angle
resolved Auger electron spectroscopy has emerged as a novel
source of information probing the local valence structure of
molecules, with first partial MFAADs measured at LCLS on
impulsively aligned N2 molecules.342 Recent experiments char-
acterizing sequential two-photon ionization of O2 into DCH
states based on MFPADs were carried out at the EUXFEL as
presented below.343

For small polyatomic molecules, recording 3D MFPADs is
enabled by the coincident detection of the photoelectron with
that of three or more ionic fragments subsequent to Auger
decay. 3D mapping of photoemission from H2O was e.g.
reported measuring 3D momenta of the (H+, O+, H+) ions in
coincidence with photoelectron 2D detection, providing
MFPADs for the three a1 - a1, a1 - b2, and a1 - b1, ionization
channels assigned to well defined polarization geometries, in
very good agreement with TDDFT calculations.344 Exploring 3D
MFPADs for K-shell ionization of more complex molecules
using 3D momentum spectroscopy of both electron and ion
fragments is pursued: recent applications address in particular
PECD for space-fixed chiral molecules.323,345,346

We illustrate below two recent results addressing MF photo-
ionization time delays, and PAD analysis for core–shell ioniza-
tion of space fixed chiral molecules.

Molecular frame angle-resolved photoionization delays. In
the context of attosecond science, the dynamics of photoioniza-
tion is often quantified by photoemission delays (eqn (6)). MF
angle-resolved attosecond photoionization delays were theore-
tically predicted for single-photon valence ionization of CO,
and N2 across a shape resonance, for an orientation of the
molecule parallel or perpendicular relative to linearly polarized
light, highlighting indeed a strong anisotropy of the ionization
dynamics.13 Angle-resolved two-photon ionization delays in the
MF were recently demonstrated using the RABBITT scheme for
inner-valence ionization of CO314 and NO312 molecules, or in
the RF of CF4 as outlined above,329,330 which under some
conditions can lead to the one-photon quantities.

On the other hand, as outlined above, photoionization
delays with complete angular resolution in the molecular frame
were recently derived from single-photon MFPADs measured
using synchrotron radiation (BESSY and SOLEIL) at a series of
spectrally-resolved photon energies across a shape resonance,
providing benchmark references for two well characterized
prototype reactions, namely K-shell ionization of CO,335 and
inner-valence ionization of NO(X2P) into the NO+(c 3P 4s�1)
ionic state,311 and compared with ab initio calculations. The
magnitudes dlm and relative phases ~Zlm of the partial-wave
dipole matrix elements were extracted from the measured
MFPADs, providing the complex valued photoionization ampli-
tude and subsequently the time delays for any MF emission

direction k̂, or orientation of the molecule Ô. The relative
phases of the partial wave DMEs were based on a common
reference not coupled to the resonance,311 or deduced from
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theoretical modelling.335 MFPADs measured for C(1s) ioniza-
tion of CO in the range of the first 20 eV above threshold led to
the determination of angle-dependent Wigner delays for both
ionization into the continua of S and P symmetry, showing
evidence of larger delays in the S case assigned to the influence
of a shape resonance.335 Results displayed in Fig. 4 correspond
to inner-valence ionization of NO in the region of the (4s- ks*)
shape resonance up to 20 eV above the NO+(c3P) ionization
threshold, as described in Fig. 3 for a given photon energy,
selecting an orientation parallel to the polarization axis.
Together with the strong variation of MFPADs, the measured
and computed photoemission delays varying within a few
hundreds of attoseconds reveal comparable strong anisotropies
as function of electron energy and MF electron emission polar
angle. The observed angular dependence of the MF-resolved
time delays is interpreted as a signature of the interference
between the resonant and non-resonant components of the
photoionization amplitude described by a multichannel Fano
formalism, where the ionization delay of the resonant compo-
nent is angle-independent.311 These results are coherent with
those extracted from measured two-photon delays reported
recently for the same reaction.312

Core–shell photoionization of spaced fixed complex mole-
cules: unravelling the building-up of PECD in chiral molecules.
O(1s) ionization of uniaxially oriented methyloxirane
(C3H6O),323 considered as a showcase chiral molecule in PECD
studies, was investigated combining the COLTRIMS-technique

with CPL at SOLEIL, then extended to trifluoromethyl-
oxyrane,345 where the CH3 group is substituted by CF3. Select-
ing equivalent ‘‘complete’’ doubly charged breakup channels,
where the momenta of e.g. the C2H2O+ and CH3

+ (or CF3
+) recoil

ionic fragments and the photoelectron are measured in coin-
cidence, provided differential PECD (yL,b) 2D maps, where the
polar angles yL and b define the electron emission direction
and the molecular orientation relative to the light propagation
axis. Quite similar for the corresponding enantiomers of methy-
loxirane and trifluoromethyloxirane, they demonstrate a strongly
enhanced PECD (up to a factor 5) for given (yL,b) spots compared
to the maximum values measured for randomly oriented targets,
generally well described by single center calculations.323,345 For a
molecular orientation perpendicular to the light propagation
direction (b = 901) and electron emission in the polarization plane
(yL = 901), one obtains the CDAD parameter introduced earlier,
which indeed does not contribute to the PECD.

Selecting further e.g. a three fragment breakup channel such as
CH2

+–C2H2,3
+ and OH1,2, after O(1s) ionization of methyloxirane,

fixes the molecular frame (close to the fragment recoil frame) in
three spatial dimensions, and gives access to MFPADs for each
orientation of the light propagation axis relative to the molecular
frame.347 These fourfold differential angular distributions, where
both the electron emission direction and the propagation axis
are defined by a set of polar and azimuthal angles (y,j) in the
MF, measured for both helicities and enantiomers, can then be
interpreted in terms of a PECD(y,j) parameter for each orienta-
tion of the molecule relative to the light propagation axis, reveal-
ing maximum values larger than 50%. A similar analysis in the
trifluoromethyloxirane has been further conducted for four initial
ionization bands, the two unresolved carbon atoms of the ring,
the CF3 carbon, and the three unresolved fluorine atoms, in
addition to oxygen.346 The PECD of space fixed oriented chiral
molecules may then stand as a sensitive structural and analytical
technique for the enantiomeric excess determination, at the cost
however of a more complex experiment. Rationalizing the influence
of spatial alignment of molecules photoionized by CPL is as well
relevant for the interpretation of PECD studies relying on REMPI
which induces partial alignment of the molecule.231 It also supports
the interpretation of the strong fragmentation channel dependence
of PECD in strong field ionization of methyloxirane348 as attributed
to the selection of specific molecular orientations for each frag-
mentation channel.

On top of the description of photoionization dynamics, core-
level ionization 3D MFPAD (or RFPAD) studies have focused on
imaging the molecular structure in three dimensions, relying
on the localized character of the emission source, spotlighting
different perspectives depending on the photoelectron energy.

Molecular structure: photoelectron ‘‘diffraction from within’’

For carbon K-shell ionization of polyatomic molecules such
as methane,349 ethane, carbon tetrafluoride or difluoro-
ethylene,350 3D MFPADs measured few eV above threshold at
the Advanced Light Source (ALS, Lawrence Berkeley National
Laboratory) by 3D momentum spectroscopy of both electron
and ion fragments with a COLTRIMS end station, revealed that

Fig. 4 MFPADs measured at selected photon energies for ionization of
NO across the NO+(c 3P 4s�1) shape resonance, for a molecule oriented
parallel to the polarization as shown: the color of the 3D plots features the
emission time-delay (a); 1D plots of measured (b) and computed (MCSCI)
(c) time-delays, for selected emission angles in the MF.311
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the maxima in the 3D emission pattern point either along the
directions of the molecular bonds (CH4, C2H6), or away from
(bisecting) these directions (CF4). This striking observation,
well predicted by ab initio complex Kohn variational calculations,
was emphasized when considering polarization averaged
MFPADs (PA-MFPADs),25,349,350 i.e. MFPADs averaged with
respect to the light polarization direction, providing a direct
imaging of the molecular geometry, or its ‘‘opposite’’. The
generality of these statements has been examined in a theore-
tical study considering molecules with different atomic centers
and symmetries, in an extended electron energy range, where the
propensity for direct imaging of molecular geometry by means of
K-shell PA-MFPADs was only observed for simple hydrides at very
low or selected high kinetic energies.351 Still, it was found that
this observable can be informative on the three-dimensional
arrangement of the system in correlating the anisotropies in PA-
MFPADs with partial accumulation of the electron density in the
region surrounded by the peripheral atoms. Other investigations
fostering quantitative information extractable from PA-MFPADs
(or PA-RFPADs), measured using electron–ion 3D momentum
spectroscopy at Spring 8, have been reported probing e.g. mole-
cular bond-length in O(1s) ionization of CO2 and C(1s) ionization
of CH3I, relying on the FLN description of MF and RFPADs.352,353

The results obtained at different electron energies compare well
with MCSCI or TDDFT calculations, respectively, which shed
light on diffraction features predicted at higher energies. The
interpretation of such PA core-level MFPADs focusing on mole-
cular structure is supported by a full-potential multiple scatter-
ing theory for photoelectron energies in the 100 eV range.354,355

Further comparative studies of 3D MFPADs measured for e.g. O(1s)
ionization of methanol with SC calculations,356 and with earlier
results for carbon monoxide MFPADs for similar polarization
geometries of the CO central bond,118 elucidate the influence of
both bond lengths and presence of H additional atoms.

Along with scattering and diffraction of X rays and electrons
providing well identified tools for exploration of the structure
and properties of matter, it was suggested about two decades
ago that MFPADs for site and element specific inner-shell
ionization may be interpreted as X-ray photoelectron diffraction
(XPD) mapping.357 This representation is supported by the
multiple scattering picture of the ionization process, where
the emission intensity in a given direction in the molecular
frame results from the coherent superposition of a direct wave
arising from the K shell of the ionized atom, with those
scattered one or more times from the other atoms in the
molecule (see Section Formalism). Noting that an electron
energy of 150 eV corresponds to a de Broglie wavelength of
1 Å, it is expected that MFPADs including different polarization
geometries constitute thereby unique fingerprints of the
molecular potential, increasingly informative on the geometry
of the molecule for photon energies far from the ionization
threshold, supporting the concept of ‘‘electron diffraction from
within’’. This concept supports e.g. the interpretation of recent
studies aiming at imaging of a molecular breakup using an
XFEL illustrated below, and further examples are discussed
later in the different contexts of Femtosecond photoelectron

diffraction, and Laser Induced Electron Diffraction (LIED)
giving rise to another type of ‘‘scattering from within’’.

Fundamental studies of light–matter interactions

Fundamental questions in light–matter interactions addressed
in the last two decades, relying on coincidence techniques and
subsequent characterization of MFPADs, unveiled new quantum
phenomena at the molecular scale as illustrated by few examples
such as interferences in molecular double-slit or multislit
arrangements.358–360 Symmetry breaking in resonant one-photon
dissociative ionization of H2 through doubly excited states auto-
ionizing on a few femtosecond time scale comparable to the
dissociation time was demonstrated through the anisotropies of
MFPADs induced by linearly361 and circularly316 polarized EUV
photons, reflecting interferences between channels involving
ionic states of different u and g symmetry subsequent to autoioni-
zation. Through their fundamental quantum nature, these ques-
tions overlap with that of the localized or non-localized character
of single-holes in transient short-lived electronic states formed by
one-photon K-shell ionization of symmetric molecules with two
chemically equivalent atoms. The quantum entanglement of the
photoelectron-Auger electron pair in K-shell ionization of N2 was
unveiled by the correlation between MFPADs and MFAADs.339

Core–hole localization was further characterized by MFPAD
or RFPAD asymmetries in K-shell ionization of polyatomic
molecules e.g. O(1s) CO2 or F(1s) CF4.337,362 In S(1s) ionization
of CS2 the localized/delocalized character of the S(1s) hole in
the (SCS)4+ cationic intermediate states formed after Auger
decay, was observed in measured and computed MFPADs for
selected KERs in the S+ + C+ + S2+ DPI channel, featuring
different relaxation pathways.363 Another twist of symmetry
versus localization/delocalization occurs in presence of double
well molecular potentials, as featured by a recent theoretical
study of angularly and vibrationally resolved valence photo-
ionization of NH3, involving the umbrella inversion mode.364

For linearly polarized light parallel to the C3 symmetry axis,
MFPADs show a quite distinct behavior according to the even/
odd symmetry of the initial vibrational wavefunction and their
incoherent or coherent superposition.

At high electron kinetic energies the continuum wavefunction
becomes close to a plane wave, and the transition dipole moment
from an initial bound state targeted by a given MO proportional
to its Fourier transform. In an experiment on H2 at 400 eV photon
energy with CP light propagating perpendicular to the molecular
axis, MFPADS in the polarization plane were measured for the
final 1sg ground state of H2

+, as well as for the 1su and 2sg

excited states (satellites) resolved via the measured kinetic energy
release KER of the reaction.365 As the latter ionic states are fully
dissociative, the measured KER also led to MFPADs for different
internuclear distances within the Franck–Condon region.
MFPADs assigned to each excited ionic state provide an image
of the corresponding component of the correlated initial state of
H2. Actually they feature an image of the Dyson orbitals relative
to the corresponding final states of H2

+. This work of general
application highlights the interest in measuring MFPADs of
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satellite states, which convey important information on the
electronic correlation within the neutral molecule.366

Building on the remarkable developments of advanced light
sources based on third generation synchrotron radiation, free
electron lasers and lasers, more extreme regimes of the light–
matter interaction are being explored accessing new ionization
mechanisms and dynamics.

Non-dipole and recoil effects. Reaching the hard X-ray
regime in photoionization,295 significant non-dipole effects,
as well as consequences of the recoil imparted to the nuclei
by the fast photoelectron and high energy photons, are expected
to translate into MF photoemission properties. This energy
domain has specific implications for molecular dynamics with
recoil induced vibrational and rotational excitation,367 or for
post collisional interaction (PCI) effects between a slow photo-
electron and a fast Auger electron. The latter were shown to have
an increasing influence on angular momentum distributions
in K-shell ionization of atoms,368 to be further explored in
molecules.

In the follow-up of LF characterization of non-dipole and
recoil effects outlined earlier, full MFPADS were measured for
N2(1s) ionized with an excitation energy of 40 keV through the
coincident detection of two N+ fragments and one Auger
electron, the fast photoelectron momentum being deduced by
momentum conservation, and compared with SCE calculations.369

A remarkable two-fold emission anisotropy is observed in the MF.
On the one hand a forward–backward asymmetry with respect
to the photon momentum, favoring FW emission, is found for
any orientation of the molecular axis, resulting in the aniso-
tropy measured in the LF, well predicted at the MF level by
theoretical calculations including the full photon plane wave

eikgr. On the other hand, an additional MFPAD strong asymmetry
along the light polarization axis is noted when the molecular axis
is neither parallel nor perpendicular to the photon momentum
(or the polarization axis), favoring emission in the direction of
the FW nitrogen atom: in the calculations a very weak depen-
dence of the MFPADs relative to the molecular axis alignment
was obtained, unless the combined impact of the sum of the
recoil momentum of the fast photoelectron and the linear
momentum of the high energy photon on the nuclei was
properly taken into account, leading to a very good description
of the newly observed symmetry breaking of MFPADs relative to
the light polarization axis. Such effects will influence the inter-
pretation of high energy experiments scheduled at XFELs.

Another manifestation of nondipole effects was highlighted
in a recent study aimed at quantifying the time delay relative to
photoionization by different parts of an extended molecular
orbital.370 The experiment considered double ionization of H2

by 800 eV photons with coincident measurement of the
momenta of the H+ ions and the slow photoelectron, providing
MFPADs of the fast photoelectron, in conditions where double-
slit interference effects are met and the MFPADs are analyzed as
fringe patterns. Recording the position of the fringes as a
function of the light propagation direction with respect to the
molecular axis, a displacement of the fringe pattern is
observed, which is maximal when both axes coincide. This

phase shift of the photoionization amplitude is assigned to a
variation of the electron birth time delay and can be interpreted
as the time the light takes to move from one proton to the
other, that is estimated as 247 zeptoseconds, coherent with the
average internuclear distance and the velocity of light.

This result can be clearly interpreted as a non-dipole effect,
which takes into account the spatial variation of the field,
neglected in the dipole approximation. It generated a flurry of
theoretical work, employing a real time dependent description
through TDSE, which included retardation in the field
description.371–373 An alternative approach, based on the use
of a high intensity 100 eV pulse, has been studied theoretically
solving the TDSE including first-order nondipole effects, and
interpreting the results via a simplified analytic model, showing
the ability to detect the expected sub-as delays.374

Multiphoton processes in the X-ray regime have been explored
theoretically, e.g. Stimulated Compton scattering (SCS).375 Signifi-
cant asymmetries in the MFPADS of the low energy electrons are
calculated, which also depend on the orientations of both light
propagation and polarization directions in the MF.

Photoionization in intense X-ray femtosecond pulses at
XFELs. Illustrating the opportunities raised by the advent of
XFELs delivering femtosecond pulses of high intensity, with
increasing repetition rate which opens the road to the implemen-
tation of multiparticle coincidence experiments, recent results
demonstrate two-photon K-shell sequential ionization of O2 and
the subsequent temporal break-up of the ionized molecule at the
European XFEL,143 using a COLTRIMS reaction microscope end
station permanently installed at the Small Quantum Systems (SQS)

Fig. 5 Schematic of the PAP two-photon K-shell ionization of O2 leading
to the (O+ + O3+) channel377 based on typical potential energy curves,
featuring the internuclear distance R2 and delay t for the second photon
absorption (a); measured (dots) and computed (red line) PA-MFPADs for
three KERs assigned to (R,t) parameters, assuming a second photon
absorption by the K orbital of the right-hand O ion (labeled ‘‘3’’ in the
inset) (b). Figure adapted from Fig. 2 and Fig. 6 of ref. 377 with permission
from Physical Review X under Creative Commons Attribution 4.0 Interna-
tional license (http://creativecommons.org/licenses/by/4.0/).
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beamline.376 Recording ion–ion–electron coincidence momenta at
a photon energy of 670 eV, i.e. 127 eV above the O(1s) threshold,
MFPADs featuring emission of the second photoelectron were
measured and assigned to two different ionization schemes.343

In the first sequence described as photoelectron-Auger electron–
photoelectron (PAP),377 leading e.g. to the (O+ + O3+) channel after
ejection of a second Auger electron, polarization averaged PA-
MFPADs sorted as a function of the ion fragment kinetic energy
release (KER), asymmetric along the O+–O3+ internuclear axis,
display resolved angular lobes as shown in Fig. 5.

Supported by theoretical modeling using the single center
method within the relaxed-core Hartree–Fock approximation,
these MFPADs are interpreted as photoelectron diffraction
patterns imaging the increase of the internuclear distance
during the X-ray induced breakup of the O2 molecule. Thereby
the internuclear distances and times where the second photon
is absorbed within the 25 fs pulse can be inferred, revealing a
first molecular movie of sequential core–hole ionization.377 The
experimental and computed angular distributions in qualitative
agreement support the feasibility of making molecular movies
using upcoming two-pulse pump–probe schemes at high repetition
rate XFELs. On the other hand, inspection of the coincidence maps
correlating electron energies, or the ion fragment KER and electron
energy, for (O2+ + O2+) channels, demonstrates the generation of
double core–hole (DCH) ionic states,343 produced in an ionization
sequence where ultrafast ejection of the two photoelectrons,
occurring typically within less than 5 fs, precedes Auger decay.
These energy maps allow to identify single-site (SS) and two-site
(TS) DCH states, corresponding to emission of the two K-shell
electrons from the same atom, or from different atoms.
MFPADs for these processes have been obtained for the first
time and constitute sensitive probes of the inherently different
charge distribution of both channels.

Strong field tunnel ionization. Ionization of molecules in
intense laser fields is a fundamental process which governs a
number of strong field phenomena, such as high-harmonic
generation, or laser induced electron diffraction. Although SFI
studies mostly rely on experiments involving laser molecular
alignment (see section: MFPADs from laser aligned molecules),
significant results have been reported using randomly oriented
molecules.

MF photoemission resulting from tunneling ionization of
randomly oriented H2,378 or HCl379 molecules was studied
using a COLTRIMS set-up and an intense femtosecond IR
circularly polarized laser (1014 W cm�2, 40 fs 800 nm) with
the intent to image electronic structure fingerprints. In this
case, although the highest occupied molecular orbital (HOMO)
is primarily ionized populating bound ionic states, dissociative
ionization occurs due to bond softening and their coupling
with a higher dissociative state, providing access to correlated
electron and ion fragment momenta detected about the polar-
ization plane. The anisotropy of the subsequent MFPADs high-
lighted a favored tunnel ionization parallel to the molecular
axis of H2, and the effective participation of the HOMO�1 lower
valence MO in tunneling from HCl, reflecting many-electron
effects and the formation of a correlated ion. For HCl, the

observed asymmetry of the ionization probability along the
molecular axis can be assigned to the dipole moment of
the molecule. Such observables have stimulated theoretical
modelling of strong field ionization in molecules.

Combining angular streaking with electron–ion coincidence 3D
momentum spectroscopy of strong field multielectron dynamics is
further illustrated in recent experiments carried out using 3D
coincidence VMIs.162 RFPADs measured in the polarization plane
of intense circularly polarized IR femtosecond pulses for disso-
ciative ionization of polyatomic molecules such as methyl iodide
CH3I were reported for single and double ionization featuring as
well angle-dependent ionization yields reflecting contributions of
both HOMO and HOMO�1 orbitals.380

Beyond setting electron tunneling as a tool for imaging
the electronic structure of single molecules, further research
investigates the detailed dynamics of tunnel ionization and its
characterization by Wigner time-delays tW, defined as the
energy derivative of the phase of the electron’s wavefunction in
momentum space. Most recent results address the dependence
of tW(E,b) Wigner delays on the electron energy and emission
angle b with respect to the molecular axis, here H2, within the
polarization plane of circularly polarized laser light.381 To access
the phase information carried by the detected electron wave-
packet, an interferometric method termed holographic angular
streaking of electrons (HASE) has been developed,382 where
ionization is triggered by a co-rotating two-color (2o,o) laser
field, formed by superposition of two circularly polarized femto-
second laser pulses. The observed Wigner time delays, extracted
from the MFPADs obtained using a COLTRIMS reaction micro-
scope, are assigned to spatial shifts of the electron birth posi-
tions when emerging from the potential barrier.

B. MFPADs from laser aligned molecules

Other strategies to measure MFPADs are dictated by the different
means to establish the molecular frame experimentally, or by
extracting the relevant MF information from LFPAD experiments
controlling the rotational degree of freedom in simple molecules.
Mostly relevant for photoionization studies of non-dissociative
processes, of complex molecules, or using light sources operating
at low repetition rates (o1 kHz) unfavorable for coincidence
techniques, molecular frame photoelectron angular distributions
can be obtained from samples of aligned molecules.

Building on the study of rotationally state-resolved LFPADs for
resonance-enhanced two-photon ionization by linearly and circu-
larly polarized light, featured by the NO A2S+(v,N) - NO+

X1S+(v0,N0) + e(l,l) transition,21 providing a complete description
of the PI reaction and a demonstration of MF circular
dichroism,383,384 REMPI of isotropically distributed gas-phase
molecules represents one direction to bridge the gap between
the LF and the MF.27 It has been extended to characterize the
valence PI dynamics of light polyatomic molecules such as
acetylene385 or ammonia386 carried into a partially aligned electro-
nic state by the absorption of n pump photons, and ionized close
to the ionization threshold by m probe photons, taking advantage
of different polarization geometries.29 While the achievable align-
ment increases with the number of photons involved in the
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excitation process, the degree of alignment established for ioniza-
tion of those excited molecular states remains limited requesting
an extensive data processing, and as a purely optical scheme it
does not allow for selection of molecular orientation.

Alternative techniques rely on laser induced molecular
alignment and orientation. Whether one considers adiabatic
or nonadiabatic laser molecular alignment (see Exp. section),
setting a photoionization experiment from aligned molecules
requires a pump–probe scheme where the alignment laser and
the ionizing ‘‘probe’’ laser pulses are temporally resolved. The
latter may consist of an XUV femtosecond pulse, e.g. produced
by HHG leading to single photon ionization in weak field
conditions (perturbative regime) or by free electron lasers
(FEL) for which high fluxes allow for multiphoton processes
still in the perturbative regime, a pico-to-femtosecond UV pulse
initiating a REMPI process (perturbative multiphoton), or an
IR or mid-IR intense laser involving strong field ionization. All
these situations are indeed met and exploited in the ongoing
research as briefly sketched in this section. The dependence of
ionization yields measured at aligned or anti-aligned revivals,
with reduced information with respect to MFPADS but still
quite informative, remains attractive with the advantage of a
simpler experimental setup: it was e.g. recently used at FERMI,
combined with photoelectron spectra, as a control variable of
the dissociation pattern for single photon inner-valence ioniza-
tion of acetylene in the XUV photon energy range.387 It serves as
well as a probe of strong field ionization as outlined below.

First demonstrations of MFPADs measured from impul-
sively aligned molecules were achieved in femtosecond time-
resolved studies, where photoionization acted as a probe of
electronic–vibrational dynamics in photodissociation of CS2

excited states.222,223

Valence-shell ionization of aligned molecules

MF photoemission for valence-shell ionization of CO2, N2, O2, CO
molecules into bound ionic states was highlighted in the last
decade combining impulsive alignment by a moderately strong
femto-second laser and ionization by an HHG XUV source.388–390

Photoelectron momentum distributions recorded with a VMI in
field-free conditions, around aligned and anti-aligned revivals
of a rotational wavepacket, provided MFPADs for ionization of
HOMO, HOMO�1, up to HOMO�4 molecular orbitals, resolved
within congested energy spectra in an extended photoelectron
energy range (0–30 eV). Different polarization geometries led to
MFPADs for parallel and perpendicular transitions (averaged on
the MF azimuthal emission angle). The latter, well predicted by
MCSCI388,389 and multi-channel R-matrix390 calculations imprint
information on the electronic structure of valence MOs.

PADs for valence ionization of excited states of naphthalene
and aniline polyatomic molecules, 1D or 3D adiabatically
aligned with 100 ps IR laser temporally truncated pulses, were
reported recently for various polarization geometries, in a two-
photon resonant scheme using low intensity UV ionizing pulses
of few ps duration.184 For both molecules, the two-photon
process is resonant at the one-photon level with the S1 electro-
nically excited state. For the naphthalene molecule, the structured

PADs recorded with a VMI set-up displayed in Fig. 6 show an
enhanced anisotropy in presence of the alignment laser. They
compare well with numerical simulations of the 2D PADs based
on ePolyScat ab initio calculations of MFPADs for ionization of the
S1 state (averaged on the MF azimuthal emission angle), demon-
strating also that a high degree of alignment was achieved.
The situation is however different for aniline, which points
to the contribution of additional ionization channels, subsequent
to the perturbing presence of the alignment laser. This flaw can be
avoided to achieve MFPADs for the electronic ground state using
VUV single-photon ionization. More generally, these results sup-
port the use of field-free molecular alignment relying on the
recent achievements (see Exp. section) combining spectrally trun-
cated chirped laser pulses,190 and long-lasting field-free alignment
of molecules imbedded in He nanodroplets.194 Although imaging
of photoions resulting from Coulomb explosion is currently used
to characterize their degree of alignment,165,194,391 work is still in
progress to demonstrate PADs for molecules in He droplets.

Molecular frame reconstruction using time-domain
photoionization interferometry

The complete retrieval of dynamical dipole matrix elements by
time-resolved TRPADs measurements in LF was demonstrated

Fig. 6 Photoelectron VMI raw images for two-photon linearly polarized REMPI
(293.53 nm) of naphthalene (vertical purple arrow) for: an isotropic distribution of
molecules (a), a linearly polarized alignment pulse (red arrow) providing 1D
alignment (b), an elliptically polarized alignment pulse (red ellipse) providing 3D
alignment of naphthalene.184 Reprinted with permission by Taylor and Francis,
http://www.tandfonline.com, from J. Arlt et al., Photoelectron angular distribu-
tions from resonant two-photon ionisation of adiabatically aligned naphthalene
and aniline molecules, Molecular Physics, 2021, 119, e1836411.184
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in (1 + 10) two-photon ionization of rotationally cold NO via the
NO(A2S+) state, using a pump–probe scheme based on femto-
second UV lasers with variable wavelength of the probe corres-
ponding to 0–1.33 eV photoelectron kinetic energy.392 The
observables consisting of (t,E) time-energy maps of LFPADs
are described by the time dependent b2(t) and b4(t) asymmetry
parameters (together with the cross section), which expand for
each energy in terms of the dynamical parameters CLM

KQ and the
AKQ(t) moments characterizing the evolution of the molecular
axis alignment. The latter being theoretically predicted based
on molecular constants, rotational temperature and pump
pulse characteristics, the dynamical parameters CLM

KQ were
extracted from the measured b2(t) and b4(t) parameters, leading
via a nonlinear regression to the dipole moments magnitude
and phases for l = 0–3 partial waves, in total 6 moduli and 5
phases (relative values) (see Formalism). The missing phase
connecting s and p channels, which would require circularly
polarized light, was computed. The retrieved complex valued
dipole moments were found in fair agreement with those obtained
from previous calculations393 and from rotationally resolved
studies,383 the sensitivity of the (t,E) time-energy maps enabling
to discriminate between the two previous sets of data. Crucial is the
very accurate, low noise primary data for the TRPADs.

Impulsive laser alignment, avoiding resonant conditions,
was pushed to its limit to allow the full determination of
complex dipole matrix elements, and to reconstruct MFPADs
for ionization of N2 in the X, A and B channels, by recording
LFPADs from a broad rotational wavepacket.31 High harmonics
of a 267 nm driving field, H5 at 23.3 eV and H7 at 32.6 eV, were
employed to record PADs for the three channels by sampling
the delay relative to the alignment pulse in 150 time steps of
67 fs covering 10 ps. The large amount of data was used initially
to reconstruct the time dependent moments describing the axis
alignment P(y,t) from the bL(t) measured parameters of the
PADs, S(y,t) = SLMbLM(t)YLM(y,0), L = 0, 2, 4, 6. From

P(y,t)= SKQAK,-Q(t)YKQ(y,0) bLM(t) = SKQCLM
KQAK,Q(t)

(M, Q = 0 in the present experiment) both the aligning pulse
optimal parameters, which determine the AKQ(t) moments, and
the coupling terms CLM

KQ can be determined. The latter can be
expressed as a quadratic expression in the dipole transition
moments, which can be finally retrieved with iterative non-
linear fitting. While in principle a well-defined mathematical
procedure, very accurate PADs need to be recorded, and elaborate
optimization cycles of fitting to determine the dipole matrix
elements are needed. Best results were obtained for the X channel,
which produced six complex dipoles, while more noisy data, and
weaker dependence of the PADs on P(y,t) for the A and B channels
produced some ambiguities. The obtained dipoles allow for the
calculation of the full MFPADs, also for orientations different
from that in the experiment, and comparison with ab initio compu-
ted ones showed very good agreement for the X channel, more
mixed results for the A one. While this experiment involves a linear
DNh molecule, and low energy electrons, so the number of effective
dipoles is very limited, the method is fully general, allowing a
‘‘complete experiment’’ to be performed. The reconstruction of

MFPADs from TRPADs in polyatomic has been further theoreti-
cally analyzed.394 The key observation is that both LFPADs and
MFPADs depend linearly from the dipole products dð�ÞElmgd

�ð Þ�
El0m0g0 (see

formalism), and once the CLM
KQ have been extracted in LF one can

retrieve the corresponding coefficients in MF, and express the full
MFPAD through them, bypassing the determination of the indivi-
dual dipole matrix elements, by solving systems of linear equations
(with generalized inverses in case of singularities) instead of
quadratic regressions. This was demonstrated for N2 and C2H4,
making explicit use of molecular symmetry.394

Momentum analysis of LFPAD anisotropies relying on ultra-
fast time-energy-angle resolved observables, when an electron
wave-packet launched by a pump pulse is probed by valence
ionization, was recently proposed as a new method to access
molecular frame electronic coherences, as demonstrated for
dissociation of excited states of the NH3 molecule.1,395

Inner-shell ionization of aligned molecules: Femtosecond
photoelectron diffraction

The availability of ultra-intense X-ray femtosecond pulses at
XFEL facilities motivated the implementation of experiments
extending the previously described ‘‘photoelectron diffraction
from within’’ scheme, aiming at following time-dependent
structural changes in molecules with femtosecond time and
Angström spatial resolution,32 as an alternative to X-ray photon
diffraction or ultra-fast photoelectron diffraction based on elec-
tron guns. At XFELs, the method benefits from the extended
photon energy range accessible to induce inner-shell localized
photoionization processes up to few hundreds of eV above
ionization thresholds, and relies on their comparatively large
cross sections of the order of 10�20 cm2. The optimal strategy to
take advantage of the huge intensity available (1013 ph per pulse)
resulting in hundreds of electrons per pulse, and account for the
low repetition rate of the order of 100 Hz in the FEL context e.g.
at LCLS,396 was to work with an assembly of aligned and/or
oriented molecules and use a dedicated double sided VMI spectro-
meter such as the CAMP endstation (see Exp. section).158 The latter
was designed to measure simultaneously both high-energy elec-
trons and ion fragments, thereby taking the electron diffraction
data extracted from the PADs while continuously monitoring the
degree of alignment of the molecules, as well as identifying the
fragmentation channels. First experiments were performed at
LCLS on rotationally cold adiabatically aligned and mixed-field
oriented polyatomic molecules such as 1-ethynyl-4-fluorobenzene
(C8H5F) or 1,4-dibromobenzene (C6H4Br2),397,398 and the PADs for
core–shell ionization of the halogen atom interpreted based on
comparison with DFT calculations, taking into account a degree of
alignment up to hcos2y2Di = 0.89. They demonstrated the feasibility
of photoelectron diffraction at XFELs for femtosecond time-
resolved molecular structure imaging provided that some issues
are achieved, such as e.g. an excellent degree of molecular align-
ment (larger than 0.95) preferably in field-free conditions to avoid
the influence of the alignment laser on the studied processes, or the
control of contamination of the target by molecular clusters.181

A similar project aiming at X-ray photoelectron diffraction
(XPD) was pursued at the SPring-8 Ångström Compact free-electron
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Laser (SACLA).399 In an experiment analyzing XPD PADs
recorded for adiabatically aligned I2 molecules ionized by the
SACLA XFEL 140 eV above threshold of the I 2p3/2 inner-shell
(IP = 4.557 keV) an I–I internuclear distance elongated by about
10% of its equilibrium value of 2.66 Å was revealed400 and
interpreted as bond length softening due to multi-photon
excitation of the I2 molecule in presence of the moderately
intense alignment Nd:YAG laser. The need for field free condi-
tions and for a degree of alignment significantly larger than
those reported (hcos2 y2Di = 0.734) was as well underlined in
order to achieve precise XPD studies.

The situation has evolved recently with the advent of high
repetition rates in the MHz range at the European XFEL,143 and
becoming soon available at LCLS-II,144 opening access to coin-
cidence experiments and related diagnostics as illustrated above.

Strong field ionization in the molecular frame

Within the development of attosecond science, strong field
ionization of molecules is a topic of widespread interest. The
complex photoelectron angular distribution resulting from the
interaction of an intense IR femtosecond laser field with a
molecule can be assigned to contributions of the ionization
process as described by the well-known three step model:401,402

within a period of the driving femtosecond optical field,
a valence electron wavepacket is extracted from the target
through tunnel ionization or above threshold ionization, accel-
erated in vacuum by the laser field, and partly driven back to
the parent ion, where it encounters rescattering or radiative
recombination.

Strong field ionization. Since tunnel ionization dealing with
outermost electronic orbitals is generally non-dissociative, the
ability to align molecules is crucial to access MFPAD snapshots
or more generally molecular frame photoelectron momentum
distributions (MFPMDs), required as well when the axial recoil
approximation is questionable in dissociative ionization of
polyatomic molecules. In the last fifteen years several questions
have been addressed, triggered by the structured PMDs
induced by strong field linearly polarized light filtering direct
ionization via selection of low photoelectron momenta,403 or by
means of circularly polarized light which suppresses recollision
of the freed electron with the parent ion. Imprint of outermost
molecular orbitals in 3D PMDs was demonstrated for SFI of
field-free aligned or anti-aligned linear molecules (N2,O2) using
a COLTRIMS set-up and a TiSa laser (1014 W cm�2 40 fs
30 kHz),404 revealed in particular when considering the normal-
ized differences of the two momentum distributions Idiff =
(Ialign � Iantialign)/(Ialign + Iantialign). Nodal planes of outermost
electronic orbitals of 3D adiabatically aligned and oriented
benzonitrile molecules were identified in PMDs,405,406 and
permanent dipole moments and polarizabilities were extracted
for OCS polar molecules,405,407 supported by tunneling ioniza-
tion theory.408 3D MFPMDs for SFI of naphthalene were
obtained by tomographic reconstruction using a variable align-
ment elliptically polarized YAG laser.409

The dependence of strong field ionization yields on
the angle between the principal molecular axis, or the most

polarizable axis, and the ionizing field is a more restricted
observable, however pursued in different contexts to improve
the description of molecular tunneling ionization based on a
detailed comparison with theoretical models.410–414 It was as well
considered to unveil multiple electronic SFI channels for above-
threshold ionization (ATI) of e.g. 1,3-butadiene molecules.415

Beyond the molecular frame dependence of the nascent
photoelectron momentum distribution probing tunnel ionization,
the imprints of the emitted photoelectron wavepacket onto laser-
driven electron recollision,416 photoelectron holography417 or
laser-induced electron diffraction418–420 are further scrutinized
in recent studies involving small molecules, as well as more
complex polyatomic molecules such as 1–3 butadiene (C4H6)416

or the prototypical biomolecule indole (C8H7N), a major
ultraviolet-absorbing chromophore of proteins.421

Laser induced electron diffraction. Considering the overall
PADs or PMDs arising from strong field ionization of randomly
oriented then aligned molecules, a number of recent studies
focus on the specific contribution of the broadband electron
wave packet formed by the returning electrons elastically
scattered, and in particular back-scattered by the parent ion,
setting the conditions of Laser Induced Electron Diffraction
(LIED).422–425 Depending on the wavelength of the mid-IR
ionizing laser field, electron energy extends up to a few hundreds
of eV (10 Up where Up is the ponderomotive energy). Based on
theoretical modelling, the influence of the driving strong laser
field on the electron momentum distributions can be deconvo-
luted, providing field free elastic differential cross sections (DCS)
for the electron recolliding with the molecular ion, characteristic
of electron diffraction patterns.426 This was experimentally
demonstrated in the reported 3D PMDs for N2 and O2 which
highlighted angle dependent oscillations of the Idiff normalized
PMD differences outlined above,404 for different pr recollision
electron momenta, revealing molecular interatomic distances.

A first quantitative LIED application to molecular dynamics
for a sample of randomly aligned N2 and O2 molecules was
demonstrated by varying the wavelength of the 1 kHz mid-IR
ionizing laser (1.7–2–2.3 mm), which is equivalent to taking
snapshots of the molecular structure at different recollision
times (variation of few fs) within an intrapulse pump–probe
scheme, probing a bond length contraction of 0.1 Å with a
sensitivity of 5 picometre (pm) for the O2 case due to the
vibrational motion subsequent to tunnel ionization.427 After
extraction of the field-free DCS from the measured PMDs based
on the quantitative rescattering theory (QRS),424,428,429 bond
lengths (R) were retrieved from the comparison of measured
molecular contrast factors B(sin qR)/qR, reflecting the molecular
interference term of the rescattered electron momentum distri-
bution, as a function of the momentum transfer q = 2prsin(yr/2),
with computed ones based on the independent-atom model
(IAM).429 Geometrical structure and bond lengths were also
obtained for unaligned polyatomic molecules such as
benzene430 and ethylene431 using a similar approach. It is worth
noting that for randomly oriented neutral small molecules the
ionization step generally induces partial alignment, though the
contrast of the diffraction features after rescattering is improved
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for prepared laser aligned molecules, thereby relating each step
of the process resulting in the studied PAD or PMD to the
molecular frame.

Combining a 160 kHz mid-IR (3.1 mm) source with a reaction
microscope,136 LIED was exploited e.g. to retrieve multiple bond
lengths in impulsively aligned acetylene,432 image bond breaking
in di-ionized acetylene,433 or non-adiabatic Renner–Teller effects
in the neutral CS2(B1B2) excited state of carbonyl disulfide,434

relying on the electron–ion coincidence to decipher between
different reaction pathways. Unlike the case of CS2 where vibronic
excitation induced by the driving field prior to ionization was
inferred,434 as illustrated in Fig. 7, LIED of randomly oriented
molecules carbonyl sulfide OCS using mid-IR (2 mm) around a
comparable 1014 W cm�2 intensity and a high energy VMI
imaging electrons up to 500 eV, the geometry and bond distances
of the OCS molecule extracted with a precision better than�5 pm
were found in good agreement with the known structure of
ground-state OCS.435 Additionally, the classical rescattering
model can also be invoked to associate a specific returning
time to the measured electron rescattering energy, reaching
a sub-femtosecond temporal resolution for the geometrical
structure.432,434

Through these examples LIED demonstrates its ability for
probing photoinduced molecular dynamics in the MF with
femto-to-attosecond temporal and sub-Å spatial resolutions.

A careful account of the influence of the three ionization,
propagation and rescattering steps, in particular the MF orien-
tation relative to the polarization436 or the multielectron
character419 governing the properties of the released electron
wavepacket is to be considered for the interpretation of the
recorded 3D PMDs. For more complex molecules, structure
information retrieval requires extending the tractability of the
QRS theory and IAM model algorithms based on the yr depen-
dence of PMDs at fixed kr. The measured PMDs can alterna-
tively be analyzed through a Fourier transform variant of LIED
based on energy spectra of back-scattered electrons (yr = 1801):
FT-LIED,418,437,438 i.e. fixed-angle broadband laser driven elec-
tron scattering (FABLES),439 or through implementation of
more general retrieval methods,440 as recently demonstrated
combining LIED with machine learning to image molecules
such as Fenchone.441

If pump–probe femtosecond experiments where LIED acts
as a probe of ultrafast dynamics launched by a coherent pump
pulse has not been yet fully demonstrated, recent time-resolved
results in the picosecond range have been reported based on
the analysis of PMDs acquired with a VMI spectrometer.442,443

LIED and photoelectron holography were investigated simulta-
neously through the PMDs for SFI of nitrogen monoxide NO,
recorded at different delays after launching a rotational wave
packet in NO, tracking the coupling between valence-shell
electronic and rotational dynamics.442 The measured and com-
puted field-free DCSs extracted from laser induced electron
recollision PADs for SFI of Iodine I2 weakly bound excited state
in the regime of low-energy electron scattering were shown to
display comparable features evolving with the time-delay
relative to the prompt excitation of a vibrational wave packet,
assigned to the role of a shape resonance and its energy
dependence to the molecular internuclear distance.443

Perspective

As illustrated through the range of experiments addressed in
this perspective, the scope of angle resolved molecular photo-
electron spectroscopy has broadly expanded in the last two
decades, uncovering light–matter interactions in different field
strength regimes and involving targets of increasing complexity
as illustrated e.g. by the characterization of chiral objects.
Access to these new regimes challenges as well theoretical
descriptions. The richness of the PAD observables, and in
particular MFPADs, emerges from the quantum interference
imprint carried by the photoelectron scattering states and
unveiled in angular distributions. They provide highly valuable
information on the electronic structure of stationary molecular
states and photoionization dynamics influenced by electronic
correlation, resonances or fundamental symmetries, accessing the
final continuum partial wave phases and transition amplitudes of
the relevant operator (electric dipole in the simplest case), ideally
up to so-called complete experiment where all matrix elements up
to a given final angular momentum are reconstructed. MFPADs,
PA-MFPADs, or PMDs are also currently interpreted as diffraction

Fig. 7 LIED imaging of laser-induced vibronic excitation in CS2:434 (A)
measured photoelectron momentum distribution providing field free DCSs
for different electron returning energies ER using the QRS theory, (B)
molecular contrast factors for ER = 160, 170, 180 eV: (dots) experimental,
and (red line) computed for the geometric structure leading to the MCF
closest to the experiment, (C) (red dots) retrieved most probable symme-
trically stretched and bent geometry of CS2

+. Figure reproduced from
Fig. 1 of ref. 434 with permission from Proc. Natl. Acad. Sci. USA
under Creative Commons Attribution 4.0 International license (http://
creativecommons.org/licenses/by/4.0/).
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patterns of the scattered electron wave revealing molecular geo-
metrical structures, in particular when emission occurs from a
localized atomic orbital subsequent to X-ray ionization, or results
from strong field tunnel ionization in LIED. This methodological
corpus builds up a strong potential for future studies of molecular
structure and dynamics in real time.1,444

From the experimental side, new challenges are driven by
the impressive achievements of light sources, both at large-
scale XFEL facilities and based on advanced table-top laser
sources, pushing to higher intensity and higher energy
photons, ever shorter pulse duration, with increasing repetition
rates in the range of several hundreds of kHz up to MHz, but
also ever more complex pulses and nonclassical light, charac-
terized by fields structured in the four-dimensional space-time,
with strong inhomogeneity of all light parameters.234,236 Angular
distributions from ionization with specially tailored fields are
mostly untouched. Beside HHG attosecond XUV pulses, X-ray
laser-enhanced attosecond pulses are in progress at LCLS and
European XFEL, as characterized using photoelectron angular
streaking spectroscopy.445 Concurrently, the continuous progress
in large solid angle acceptance, efficient position and time
sensitive detectors will benefit multicoincidence experiments,
in general allowing the study of low cross section minority
channels. It includes e.g. extensions to electron–ion–photon
coincidences, favoured by enhanced photon detection efficiency
combined with the time and position capabilities,161,446 foreseen in
particular in the hard X-ray domain where radiative decay con-
tributes to the relaxation of core–hole excited states.295 Moreover
the sharpening alignment and orientation techniques for gas phase
molecules combined with VMI based detection will render
MFPADS much more routinely available for complex systems.

This instrumental context will extend significantly the range
and the achievements of temporally resolved studies aiming at
characterizing in real time molecular structure and intra-
molecular dynamics triggered by photoabsorption and probed
by photoionization,1 i.e. featuring a so-called ‘‘molecular
movie’’. Such processes involve the relaxation dynamics of
excited molecular states to lower potential energy surfaces via
nonadiabatic couplings, and to vibrational motion giving rise
to bond stretching/opening, isomerization, and dissociation,
generally underlying chemical bond making and breaking, or
even electronic wavepacket motion or charge migration.447–449

Despite the popularity of challenging pump–probe experiments,
quite few probe the dynamics beyond the simple photoelectron
spectra, often leading to a limited characterization of the inter-
nal dynamics, with remaining ambiguities. The rich information
embodied in angularly resolved studies from oriented molecules
will be greatly beneficial to fully characterize the electronic states
involved, their coupling with nuclear motion,450 and the electron
wavepacket coherences395,451,452 and bifurcations, up to now quite
elusive, both in valence excitation and ionization with broad pulses.

Recent results obtained at the European XFEL for single-
pulse two-photon sequential core ionization pave the way for
MF angle-resolved X-ray pump X-ray probe experiments tempo-
rally resolved at the femtosecond time scale, with perspectives
to observe e.g. coherent electron–hole dynamics on the

attosecond scale. In strong field ionization, implementing
LIED, which also features an intrapulse pump–probe scheme,
as an effective pump–probe tool to characterize molecular
structure in real time is in progress.

Probing the photoionization dynamics in the MF in real
time with attosecond accuracy, involving the overlap of an XUV
attosecond pulse and a phase-locked NIR femtosecond pulse
e.g. in the RABBITT interference scheme, fostered by recent
developments, should be further investigated. The achievement
of coherent XUV pulses, e.g. at the fundamental o and second
harmonic 2o as demonstrated at the FERMI seeded FEL,453

enables recording interferences between one-photon and two-
photon quantum paths,454 revealing LF angle resolved phase
differences of the corresponding photoionization amplitudes,
opening new perspectives for molecules.290

Meanwhile, the complementarity between ultrafast time
domain studies and high resolution energy domain achieved
at synchrotrons remains quite relevant and attractive, as illu-
strated e.g. by the recent developments of MF angle resolved
photoionization time delays.

Another direction is the push to multiphoton effects in the
high energy domains with XFELS. Double (multiple) core holes
and decays will be studied, including time delays for sequential
process, exploiting photoelectron and Auger in coincidence.
The hard X-ray region, where a number of unexplored issues are
anticipated,455 has been barely explored in molecules. A num-
ber of new effects, like non dipole, nuclear recoil and Compton
scattering,456 although individually understood in basic terms,
contribute together and will open a new window in molecular
interactions. Compton scattering from individual orbitals in
oriented molecules can provide a new and direct way of orbital
imaging.457,458 Nonlinear process like stimulated Compton
scattering will become available.375 Other double ionization
studies will be extended into the high kinetic energy domain,
where the two electron continuum simplifies and new windows
may be opened to the imaging of the electronic wavefunction.

One obvious fostered perspective is the extension of LF or
MF angle resolved PES studies to more complex molecules
(finite systems), supported by both recent advances in Coulomb
explosion imaging,459 and the fast improvement of alignment/
orientation protocols.193 This direction also implies specialized
methods to produce gas phase targets from different species as
mentioned earlier, such as fragile molecules, radicals, positive
and negative ions, clusters, nanoparticles, high temperature
vapors, and further selection of conformers.104 Further devel-
opments exploring the boundary between gas phase and con-
densed systems are e.g. aqueous solutions in droplets or liquid
jets, surfactant layer structure at liquid–vapor interface, and
molecules adsorbed on surfaces.

Besides characterization of the electronic structure of the
target, like orbital composition and imaging, a deeper insight
into many-body effects, both in the bound and continuum
states, will be pursued, through precise experiments on multi-
electron effects in ionization, in particular multiply excited
initial and final states with different excitation mechanisms.
Their understanding is a fundamental problem of current
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electronic structure theory, which is very directly linked to these
observables. A direct imaging of two electron wavefunction is a
long sought goal that may become accessible. New observables
like time delays in different excitation mechanisms may explore
another dimension. One may recall the enormous contribution
to the understanding of the electronic structure in molecules
generated by the close dialog between photoionization experi-
ments and electronic structure theory, a two-way challenge that
will be brought to an upper stage. A frontier in the theoretical
understanding is the detailed description of coupled electron–
nuclear dynamics, and the study of coherent electron–nuclear
wavepackets, for which the pump–probe experiments already
mentioned may give details hitherto unavailable. Also the accu-
rate description of ionization processes with complex pulses,
non perturbative fields and structured light is another challenge
to be met by theoretical development.

Finally, although barely touched in this paper, applications
of PADs as for example PECD will offer a rich potential as tools
for analytical purposes, for the characterization of complex
molecules and processes, including chemical reactions and
catalysis, and merging into molecular studies of adsorbates
on surfaces, as well as for quantitative determinations. In the
latter case also theoretical simulation may require a more
quantitative refinement.

Acronyms

BW-FW backward–forward
CC Close coupling expansion
CCD Charge-coupled device
CMOS Complementary metal-oxide semi-conductor
CDAD Circular dichroism in photoelectron angular

distribution
CD Circular dichroism
CI Configuration interaction
COLTRIMS Cold target recoil ion momentum spectrometer
CP Circular polarization
DFT Density functional theory
DLD Delay line detector
DME Dipole matrix element
DPI Dissociative photon ionization
FC Franck–Condon
FEL Free electron laser
HF Hartree–Fock
HHG High order harmonic generation
HOMO Highest occupied molecular orbital
ICD Interatomic Coulombic Decay
IE Ionization energy
IP Ionization potential (same as IE)
KER Kinetic energy release
LCLS Linac coherent light source
LCP Left circular polarization
LDAD Linear dichroism in photoelectron angular

distribution
LF Laboratory frame

LFPAD Laboratory frame photoelectron angular
distribution

LIED Laser induced electron diffraction
LP Linear polarization
MCP Multichannel plate
MFAAD Molecular frame Auger electron angular distribution
MF Molecular frame
MFPAD Molecular frame photoelectron angular distribution
MO Molecular orbital
MP Multiphoton
ND Non dipole
NIR Near infrared
OCE One center expansion (also SCE single center)
OPCPA Optical parametric chirped pulse amplification
OVGF Outer valence green function
PAD Photoelectron angular distribution
PA MFPAD Polarized averaged MFPAD
PECD Photoelectron circular dichroism
PEPICO Photoelectron–photoion coincidence
PES Photoelectron spectroscopy (also photoelectron

spectra)
PICD Photoion circular dichroism
PI Photoionization
PMD Photoelectron momentum distribution
PSD Position sensitive detector
RCP Right circular polarization
REMPI Resonant enhanced multi photon ionization
RFPAD Recoil frame photoelectron angular distribution
RPA Random phase approximation
SC Single channel
SF Strong field
TDC Time to digital converter
TDDFT Time dependent density functional theory
TDSE Time dependent Schrödinger equation
TOF Time-of-flight
TRPEI Time resolved photoelectron imaging
TRPES Time resolved photoelectron spectroscopy
VMI Velocity map imaging
VUV Vacuum ultraviolet
XFEL X-ray free electron laser
XUV Extreme ultraviolet

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We are very grateful to Reinhard Dörner, Kiyoshi Ueda, Kathar-
ine Reid, Robert Lucchese, Kevin Prince, Thomas Baumert,
Henrik Stapelfeldt, Michael Meyer, Till Jahnke, Jens Biegert,
Marc Simon, Ottmar Jagutzki and Fabian Holzmeier for fruitful
scientific exchanges within the preparation of this perspective.

Perspective PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/9
/2

02
6 

3:
40

:1
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cp02725a


24642 |  Phys. Chem. Chem. Phys., 2022, 24, 24614–24654 This journal is © the Owner Societies 2022

References

1 M. S. Schuurman and V. Blanchet, Phys. Chem. Chem.
Phys., 2022, DOI: 10.1039/D1CP05885A.

2 D. Dill, J. Chem. Phys., 1976, 65, 1130–1133.
3 N. Chandra, J. Phys. B: At. Mol. Phys., 1987, 20, 3405–3415.
4 A. V. Golovin, N. A. Cherepkov and V. V. Kuznetsov, Z. Phys.

D - Atoms Molec. Clusters, 1992, 24, 371–375.
5 H. Park and R. N. Zare, J. Chem. Phys., 1996, 104, 4554–4567.
6 S. K. Semenov and N. A. Cherepkov, J. Phys. B: At., Mol. Opt.

Phys., 2009, 42, 085101.
7 V. V. Kuznetsov, S. K. Semenov and N. A. Cherepkov,

J. Chem. Phys., 2011, 134, 134301.
8 R. R. Lucchese and D. Dowek, Attosecond and XUV Physics:

Ultrafast Dynamics and Spectroscopy, ed. T. Schultz and
M. Vrakking, Wiley Online Library, 2014, pp. 293–320.

9 E. P. Wigner, Phys. Rev., 1955, 98, 145–147.
10 J. M. Dahlström, A. L’Huillier and A. Maquet, J. Phys. B: At.,

Mol. Opt. Phys., 2012, 45, 183001.
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B: At., Mol. Opt. Phys., 2007, 40, 485–496.

19 R. R. Lucchese, R. Montuoro, A. N. Grum-Grzhimailo,
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V. Zuba, Z. Varallyay, D. Charalambidis, K. Osvay and
T. T. Luu, J. Phys. B: At. Mol. Phys., 2019, 52, 23LT01.

138 M. Osolodkov, F. J. Furch, F. Schell, P. Šušnjar,
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K. Gärtner, R. Richter, L. Foucar, R. L. Shoeman,
I. Schlichting and J. Ullrich, Nucl. Instrum. Methods Phys.
Res., Sect. A, 2010, 614, 483–496.

159 K. Nakajima, T. Teramoto, H. Akagi, T. Fujikawa,
T. Majima, S. Minemoto, K. Ogawa, H. Sakai, T. Togashi,
K. Tono, S. Tsuru, K. Wada, M. Yabashi and A. Yagishita,
Sci. Rep., 2015, 5, 14065.

160 Z. Vager, R. Naaman and E. Kanter, Science, 1989, 244,
426–431.

161 A. Tremsin and J. Vallerga, Radiat. Meas., 2020, 130, 106228.
162 G. Basnayake, Y. Ranathunga, S. K. Lee and W. Li, J. Phys.

B: At., Mol. Opt. Phys., 2022, 55, 023001.
163 J. Long, F. J. Furch, J. Durá, A. S. Tremsin, J. Vallerga,
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C. Ozga, F. Scholz, J. Buck, F. Trinter, J. Viefhaus,
A. Ehresmann, M. S. Schöffler, A. Knie and
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D. Dimitrovski, M. Abu-samha, C. P. J. Martiny and
L. B. Madsen, Phys. Rev. A, 2011, 83, 023406.

407 D. Dimitrovski, M. Abu-samha, L. B. Madsen, F. Filsinger,
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410 D. Pavičić, K. F. Lee, D. M. Rayner, P. B. Corkum and
D. M. Villeneuve, Phys. Rev. Lett., 2007, 98, 243001.

411 S. Petretti, Y. V. Vanne, A. Saenz, A. Castro and P. Decleva,
Phys. Rev. Lett., 2010, 104, 223001.

412 R. Johansen, K. G. Bay, L. Christensen, J. Thøgersen,
D. Dimitrovski, L. B. Madsen and H. Stapelfeldt, J. Phys.
B: At., Mol. Opt. Phys., 2016, 49, 205601.

413 P. Sándor, A. Sissay, F. Mauger, M. W. Gordon, T. T.
Gorman, T. D. Scarborough, M. B. Gaarde, K. Lopata,
K. J. Schafer and R. R. Jones, J. Chem. Phys., 2019, 151, 194308.

414 H. V. S. Lam, S. Yarlagadda, A. Venkatachalam,
T. N. Wangjam, R. K. Kushawaha, C. Cheng, P. Svihra,
A. Nomerotski, T. Weinacht, D. Rolles and V. Kumarappan,
Phys. Rev. A, 2020, 102, 043119.

415 J. Mikosch, A. E. Boguslavskiy, I. Wilkinson, M. Spanner,
S. Patchkovskii and A. Stolow, Phys. Rev. Lett., 2013, 110, 023004.

416 F. Schell, T. Bredtmann, C. P. Schulz, S. Patchkovskii,
M. J. J. Vrakking and J. Mikosch, Sci. Adv., 2018, 4, eaap8148.

417 M. Meckel, A. Staudte, S. Patchkovskii, D. M. Villeneuve,
P. B. Corkum, R. Dörner and M. Spanner, Nat. Phys., 2014,
10, 594–600.

418 M. G. Pullen, B. Wolter, A.-T. Le, M. Baudisch, M. Sclafani,
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